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I. PHASE I SUMMARY

Due to processing and combustion difficulties experienced when using high levels
of elemental boron for fuel preparations, a need has arisen for improved boron
particle design. The particle characteristics sought in this Phase I work have
been determined by others to be: (1) spherical shape, (2) particle diameters in
the range of 0.5 to 3 micrometers, (3) purity greater than 99 wt. %, and (4)
producible by United States facilities and materials. A further desirable trait
would be economically attractive cost, although there is no present domestic
supplier capable of supplying this type of boren. Other important considerations
for a source of fuel-quality boron include a manufacturing process capable of
reliable scale-up to the product quantities required, and a product particle

that exhibits low tendencies of self-agglomeration into masses.

The work in this report is pursuant to the prime contract executed February 28,
1986 between Signal Research Center and the Department of the Air Force, Improved
Boron for Enhanced Combustion (F33615-85-C-2550), and the subcontract executed
between Signal Research Center and Callery Chemical Company on April 18, 1986.
Callery's effort began on April 28, 1986 with the formulation of a construction
work schedule. Assembly of the experimental system (Task 1.1) was completed on
September 22, 1986, and proveout of this system combined with training of the
operating staff (Task 1.2) concluded on October 23, 1986. The experimental
studies of the variables (Task 1.3) commenced on November 12, 1986, and in

March, 1987 a no-cost extension to September 30, 1987 was granted to allow

completion of Task 1.3.




Approximately two-thirds of the original variable study was conducted before an
oral progress review was held by Signal and Callery at Wright-Patterson Air
Force Base on July 15, 1987. Upon review of the data, certain modifications to
the experimental study were proposed so that a potentially useful alternative of
boron particle recycle could be explored for the benefit of the Air Force.

These modifications were allowed, as "modified Task 1.4", in lieu of the
original Task 1.4 entitled "Scale-up Demonstration". Subsequently, Task 1.3
experimental studies were complieted on September 30, 1987, and the modified Task
1.4 recycle studies were completed, at no additional cost to the Air Force, on

November 24, 1987.

Signal Research Center's experimental effort during Phase I has consisted of
Task 1.5, "Particle Characterization", in which both the physical and chemical
properties of Callery's boron particles have been determined. Certain methods
of analysis, especially the photomicrographic technique leading to measurement
of particle size, have required some development work by Signal and are dis-
cussed in the appropriate section of this report. The concluding task of Phase
I is Task 1.6 "Final Report", which is contained herein and is a complete record
of the Phase I program. Phase Il effort, "Particle Protection, Demonstration,
and Evaluation," was not performed because of a redirection of Air Force funds

and priorities.




II. HYPOTHESIZED MECHANISM OF PARTICLE FORMATION

A. Theoretical Basis

The general mechanism hypothesized for boron particle formation in the

Callery process has been hypothesized to be:

(1)

(2)

(3)

(4)

Thermal decomposition (irreversible dehydrogenation) of boron hydride,

at a kinetic rate limited by the heat transfer rate;

Nucleation and condensation of an intermediate boron/hydrogen species
vapor into a glassy or tarry fluid particle as a result of homogeneous
nucleation. This is 1ikely to occur near the adiabatic combustion

temperature (T,);

Continuing thermal decomposition of the particle during growth via

collision and deposition, and

Escape from the "Reaction Zone" after being fully dehydrogenated.

Particles may agglomerate downstream in regions of lower temperature; this is

distinct from growth of individual particles which only occurs in the reaction

zone. There is considerable support for this type of mechanism from the field

of crystallization, combustion, and air quality management, where nucleation and

growth of crystalline materials, soot, and aerosols have been extensively

studied.




It is helpful to visualize a flame simi]ér to a propane torch when considering
the particle formation mechanism: the combustion process in a flame occurs at
the edges of the fuel gas jet emanating from the nozzle, and for turbulent flow
conditions the flame length does not change appreciably with fuel flow varia-
tions although the heat released increases [1]. The borane feedstream in the
boron reactor behaves in a 1ike manner: with turbulent flow conditions in the
feed nozzle, a gas free-jet (called the "Reaction Zone" for this work) is formed
downstream of the nozzle exit that has a length controlled by nozzle diameter.
Changes in feedrate (= feed velocity) affect the rate of mixing of this jet with
the surrounding hot nitrogen stream, but the jet length remains unchanged. This
general relationship is shown in Figure 1. Under laminar flow nozzle conditions,
the "Reaction Zone" resembles more of a cylinder than a free jet, and its length

is controlled by the feedrate.

To arrive at an experimental program, it is necessary to establish means of con-
trol of the various rates comprising the mechanism and to then vary the control
parameters to cause changes in those rates. The means of control are discussed
in this section. The independent variables providing that control, and the

ranges of control available, are discussed in the "Process Design" section.

Part one of the mechanism, thermal decomposition, is an irreversible gas-phase
dehydrogenation of boron hydride. The overall reaction mechanism is unknown and
is probably nonelementary. However, it is believed valid, but unsupported by
experimental evidence, that the initial portion of the thermal decomposition is
a unimolecular first-order reaction [2,3]. Feed concentration therefore has no

effect on this part of the particle formation mechanism, although it does have
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an effect on Part 2. The rate of decomposition is controlied by the rate of
heat input to the feed, and by the activation energy required by the feed to
achieve reaction. Heat input to the feed is from three sources; externally
from the hot nitrogen stream and transferred to the feed via mixing; externally
from the hot reactor walls and transferred directly to the feed by radiation;
and internally from the exothermic decomposition reaction and controlled by
feedrate of reactant. The thermal environment for the reaction has been

approximated by the use of the "adiabatic combustion temperature" (Ta) concept,

which is basically a heat balance around the entire reaction 82H6 2, 2B + 3H2.
Use of this concept allows the thermal environment to be compared among runs so
that the contribution of Part 1 of the particle formation mechanism may be
judged. (Due to the difficulty in establishing the emissivity of the hot
reactor wall, and the efficiency of conductive/convective heat transfer from the

wall to the nitrogen component of the reaction flowstream, the radiant heat

transfer portion of external heat input has been omitted from Ta calculations).

Part 2 of the mechanism, nucleation and condensation, is a heterogeneous process
that occurs before complete reaction to boron is achieved. The decomposition
reaction produces a intermediate vapor species whose partial pressure at any
particular location remains essentially constant, while the species' vapor
pressure constantly decreases due to ongoing decomposition. This situation
creates supersaturation which, upon reaching a critical level, is almost
instantaneously relieved via homogeneous nucleation [4,5] and accompanying
condensation. Thus, fluid particles are formed; it is likely that this process
occurs near Ta, since much of the reaction system is presumed to be at that
temperature. Control of Part 2 of the particle formation mechanism therefore is

provided by: the continuing rate of decomposition, as in Part l; system




pressure, which affects the condensing species' partial pressure; and feed con-
centration (dilution with nitrogen), which affects the location in the reaction
zone at which nucleation occurs. Additional control of Part 2 may be provided
by control of feedrate (synonymous with feed velocity) which also affects the

location of nucleation [5] in the reaction zone.

Part 3 of the mechanism, particle growth, is a possibly heterogeneous process
that occurs via deposition (condensation) of any remaining vapor species onto
particles through heterogeneous nucleation, and/or by collisions between
particles while still in the fluid state. Control of Part 3 is partially
already established by the prior control of Parts 1 and 2, as follows: the
continuing rate of decomposition; system pressure; system temperature, which
additionally affects the outcome of particle collisions; turbulence, which
affects the frequency of particle collisions and also the momentum of particles;
and feedrate, which controls the total mass of nuclei available for growth, and

is likely to control the actual population of nuclei.

Part 4 of the mechanism, escape, is by definition the termination of all the
preceding processes. Escape from the "Reaction Zone" may coincide with the end
of the heated-wall portion of the reactor, or it may occur earlier within the

reactor.

A summary of the control opportunities for manipulating the overall particle

formation mechanism is given below:




Part 1 (Thermal Decomposition): Mixing, radiant heat transfer,

feedrate, Ta

Part 2 (Nucleation/Condensation): Mixing, radiant heat transfer,
feedrate, Ta’ system pressure, feed

concentration

Part 3 (Growth): Mixing/turbulence, radiant heat
transfer, feedrate, Ta’ system

pressure

Part 4 (Escape): Dependent on control of Parts 1 to 3,

and on reactor length.

A further description of the mixing and nucleation processes is necessary to
adequately portray the mechanism. Mixing occurs in the process system, in
turbulent flow conditions, due to molecular diffusion among small rotating
parcels of fluid called eddies. The size of the eddies is called the "scale of
turbulence", and is determined by a characteristic length in the system; in the
boron process system, the feed nozzle diameter determines the scale of turbulence
in the feed jet, and the reactor diameter determines the scale of turbulence in
the bulk mixed flow. The rotational velocity of the eddies is called "intensity
of turbulence", and is determined by the average bulk velocity of the particular
stream. Thus, mixing and turbulence are complimentary processes; the term
"mixing" is more properly used when a particular degree of uniformity, in
blending components together, is the desired result of turbulence. By defini-

tion in laminar flow conditions, these eddies are not formed, and mixing is




effected by molecular diffusion only. The process of homogeneous nucleation is
thermodynamically driven by supersaturation of a vapor species. Simply stated,
nucleation occurs when the formation of clusters of molecules (nuclei) reduces
the molecules' total energy below that required to maintain the vapor phase.
The process is quite complex and is not completely understood. Literature
reference [4,5,6] indicate that the rate of homogeneous nucleation is a very
steep function of supersaturation, changing from a negligible to an extremely

17nuc]ei/cm3-sec) rate with temperature changes of only a few

large (up to =10
degrees. The nucleation rate is considered to be therefore very difficult to
control in the boron process. Once nuclei are available the remaining vapor
phase molecules condense on these nuclei, driven by the continuing reduction in
their vapor pressure by ongoing thermal decomposition. It has been postulated
that quantities of molecules on the order of 100 or so are required [4] for the
formation of nuclei; in the boron process system, the nuclei formed would there-
fore be very roughly on the order of 20 &. For various borane feedrates, the
number of nuclei formed and the vapor mass available for condensation are likely
to have a rather constant ratio, which would cause no change in particle size
with feedrate. The historically observed proportionality (Q.V.) of feedrate and
particle size in the Callery boron process therefore believed to arise from
collisions between particles, which would be more frequent at higher feedrates
due to more nuclei being formed. Based on 20 & particles at 1017 partic]es/cm3
concentration, the mean free path for particles with Maxwell-Boltzmann velocity
distribution would be on the order of 5600 A&. The intent in the control of Part
2 of the particle formation mechanism is to manipulate the location where

nucleation occurs, so that collision probabilities are enhanced.




B. Prior Experimental Evidence

The Callery boron reactor system has been operated for a number of years
and has generated considerable operating data. Since the system has been used
almost exclusively for production, however, the available data are grouped in a
narrow range of process conditions, which 1imits its utility. The most signifi-
cant available data are particle size, feedrate, operating temperatures, and

product analyses.

Prior measurements of particle size have been subject to the difficulties
described in Section V. B.2, "Size Determination Method", of this report. To
provide a consistent basis for comparison of prior and new data, a composite
sample of selected Callery production lots has been subjected to the size
measurement procedure given in Section V. B.1. The mean particle size was
determined to be 616 &. Prior measurements of similar production lots by
various techniques had shown varying sizes up to 1500 &; it is now believed that
these larger sizes are in error, and that those results did not include the
typical large quantities of smaller particles seen in the composite sample. A
smaller mean size tends to confirm the hypothesized particle formation mechanism:
prior data at 1 1b/hr. borane feedrates gave mean particle diameters of about
400 &. A 3 1b/hr feedrate gives a (revised) mean diameter of 616 X. If the
hypothesis is correct, particle growth occurs by the addition of mass to already
nucleated seed particles. The mass available and the resulting particle volume
are linearly proportional to feedrate, and any single dimension of the particle
is proportional to the cube root of the feedrate. For the case of a 3 x feed-

rate change: [3 1b/hr] 173 x 400 & = 577 &.
Tb/hr

- 10 -




Operating temperatures during production runs have normally been held to 1380°F
- 1650°F inert gas feed, and 1800°F reactor walls. Operation at lower tempera-
ture had frequently led to plugging of the reactor in the vicinity of the feed
nozzle. It was observed that the reactor could be operated with as much as the
lTower 40% of length unheated, before incompletely reacted material was produced;
however, operability was poor. It was also concluded that direct measurements
of gas temperatures within the reactor were unreliable due to the tendency of
boron powder to adhere to any exposed surfaces, creating an insulating layer. A
prime operating rule was that inert gas feed ("Heater N2") temperatures had to
be above a certain minimum, approximately 1300°F, to ensure sufficient heating

downstream in the reactor so that complete reaction occurred.

Product analyses by wet chemistry have normally shown 97.5 to 99+ wt.¥% boron.
The balance of the composition has been determined, by fusion in LECO and
similar equipment, to be adsorbed nitrogen, hydrogen, and oxygen gases; the
adsorbed oxygen is directly related to the degree to which the boron is handled
in air. Trace element analyses by various spectrographic methods generally show

less than 200 ppm total metallic impurities, with 70 elements scanned.

- 11 -




C. Particle Dynamics

Ultrafine particles on the order of 0.01 to 0.1 micron diameter are known
to exhibit dynamic behavior considerably different from the classical models of
"hard-sphere" Newtonian mechanics. The extremely low individual particle mass
causes behavior somewhat similar to gas molecules, in that the particles are
subject to Brownian motion, show response to phoretic forces (e.g., thermo-
phoresis), and have very short relaxation times after perturbations [7]. Of the
four major regimes of particle dynamic behavior, these ultrafine particles are
classified in the "transition" regime. The equations governing particie motion
in this regime are imprecise, and are best used for qualitative purposes only.
For these reasons, study of the variables controlling boron ultrafine particle
formation is best done by actual experimentation, rather than by mathematical

modeling.

Ultrafine particles up to approximately 0.1 micron in diameter tend to have
unequilibrated surface energy (7,8,9,10]. This is particularly true for
amorphous boron particles, which contain 0.9 kcal/mole higher internal energy
than the crystalline state. The residual energy causes the individual particles
to agglomerate into masses, a phenomenon distinct from agglomeration due to
static electrical surface charge and from fusion due to collisions of molten
particles. This agglomeration tendency subsides at larger particle diameter,
where lower unit surface area and increased mass are available to disperse this

energy.

- 12 -




IIT. PROCESS DESIGN

A. Available Variables and Practical Limitations

The Callery boron process reaction is a three-phase heterogeneous
irreversible reaction, and undergoes a volume increase in the reaction zone due
to hydrogen release from the thermal decomposition of the feed. The reactor
stream is plug flow, although some amount of backmixing may occur in the
vicinity of the feed nozzle. Adequate control of the major process variables
has already been demonstrated during commercial production in a process system

completely similar to that used for this contract.

The means of control discussed in Section II. A. is exercised through manipu-
lations of the appropriate independent variables. These variables and the
expected effects of changes are described in detail in the following text and

are summarized in Figure 2.

1. Mixing and Feedrate

Control of mixing affects the outcome of all parts of the particle form-
ation mechanism. Two distinct mixing processes occur in the reactor - mixing of
the feed gas jet with the surrounding hot nitrogen, and mixing of the particle-
laden reaction stream with itself. The length of the turbulent-flow feed gas
jet is determined by the diameter of the feed nozzle, which may be varied be-
tween the minimum diameter needed to deliver sufficient flow at aP = 30 PSI and
the maximum diameter able to fit inside the reactor pipe. The range of feed

nozzle diameters to be studied has thus been calculated to be 18 gauge to 3/8
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inch, with inside diameters of 0.0028 to 0.028 feet. Commercially available
tubing sizes are limited; with this in mind, nominal feed nozzle diameters of 18
ga., 14 ga., 3/16 inch, 1/4 inch, and 3/8 inch have been chosen for study. The
intensity of feed gas jet mixing is controlled by the feed velocity which, at
constant composition, is the borane feedrate. This feedrate should be varied
across as wide a range as possible, so that laminar flow conditions and near-
sonic velocities may be studied. Two constraints on this range are that minimum
feedrates should not be so low that excessively lengthy runs are required, and
maximum feedrates should not be so high that excessive borane is consumed. (The
minimum duration of a run should be at least 45-60 minutes so that sufficient
steady-state operation is achieved). Within these constraints, the feedrate

range is established as 0.6 to 5.0 1b/hr of diborane.

Mixing of the reaction stream itself is controlled by the reactor diameter and
the bulk flow velocity. At the very outset of this work, it was recognized that
changes in reactor diameter would require considerable downtime and capital
cost; the reactor diameter has therefore been held constant. The bulk flow
velocity, aside from the contribution of the feed and the effect of temperature
on gas density, is mainly a function of heater nitrogen flowrate. This flow is
adjustable within the minimum necessary to convey the boron particles through
the system, and the maximum that can be adequately heated by the Nz heater
section. These extremes have been estimated and yield a heater nitrogen

flowrate range of 3.7 to 17.0 1b/hr.
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2. Radiant Heat Transfer

It is known that boranes and particles will absorb infrared radiation,
whereas nitrogen and hydrogen do not. It is also known that radiant heat flux
from a surface is dependent on temperature of that surface and the extent to
which it resembles a black body. The absorption of this energy is dependent on
the area of absorber exposed, the absorptivity or ability to absorb radiation
for that absorber, and, for clouds or particles, the opacity of the cloud. For
the boron process system, much of this information is extremely difficult to
quantify, although radiant heat transfer may be quite important to the process.
Since the fluid and solid particles in the process are subject to thermophoresis,
it is considered necessary to have reactor wall temperatures hotter than the
particles, which are approximated to be at Ta' For these reasons, the general
intent for the reactor wall temperature variable is to maintain it at historical
settings of 1700° to 1900°F while simpler variables are explored, and then
investigate reductions of wall temperatures to the extent suggested by the
previous data. The potential range of wall temperatures is approximately 500°F
to 2,000°F, with the minimum at the lowest anticipated Ta and the maximum

limited by the structural strength of the reactor alloy.

3. Adiabatic Combustion Temperature (Ta)

The actual thermal environment of the decomposition reaction is very dif-
fiqg)t to assess, but since mixing is a fundamental aspect of the reaction, it
is appropriate to use a mixed-stream temperature as an indicator of that environ-
ment. The T, calculation combines the enthalpies of all incoming streams with

the heat of reaction from the borane decomposition to determine the resulting
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mixed-stream temperature. Heat transfer across the reactor walls is not
accounted for. The largest component of the Ta calculation is the heater
nitrogen enthalpy; the heater N, flowrate has been described under "Mixing", and
its temperature is established by the stream enthalpy required to yield the
desired T, at the chosen borane feedrate. The range of T, to be studied has as
a minimum temperature at which literature reference imply a change in reaction
order for various boranes [2,3]; this is at approximately 250°C (482°F). The
range maximum is established by limitations of heater Nz maximum temperature and
the minimum diborane feedrate of 0.6 1b/hr, which gives maximum Ta of about
1400°F. The heater N, temperature available range is 70°F to about 1950°F

depending on flowrate.

4. Other Independent Variables

Reactor diameter and length are independently variable, but to keep the
scope of this work manageable, these will be held constant. Feed dilution with
nitrogen may be varied, within the constraint of desired feed velocity, to any
limit. However, it is believed that the best opportunity for particle size
enlargement is obtained with high borane feed concentrations. Therefore, borane
feed will be diluted to no more than 50 mole % nitrogen. Flush nitrogen flow-
rate, used for cooling the feed nozzle to avoid plugging, is normally as low as
possible and is not expected to have much influence on particle size. A flow of
1.08 1b/hr has historically provided sufficient cooling at various operating
conditions, and will therefore be used here. System pressure is a potentially
major variable, since higher pressure would increase the condensing species’
partial pressure and thereby accelerate the onset of nucleation. A major draw-

back to the use of pressure is that substantial increases woulad be necessary to
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cause pronounced effects, and the system cannot withstand both higher pressures
and high temperatures combined. Also, higher borane feed pressures would be
required, which is highly undesirable from a safety viewpoint. Since other
variables will also give increases in partial pressure (e.g., feedrate), system

pressure will be held constant.

In summary, the following parameters are important to the particle formation

mechanism:

Independent Variables Dependent Variables Constants
(Diborane Feed Concentration) Turbulence/Mixing Rate Reactor Diameter
Diborane Feedrate Residence Time Reactor Length
Feed Nozzle Diameter Collision Frequency System Pressure
Reactor Wall Temperature Collision Intensity
Ta Mean Particle Diameter
Heater Nitrogen Flowrate Particle Size Distribution
(Flush Nitrogen Flowrate) Decomposition Rate

Heater N2 Temperature
Nucleation Rate
Dilution N, Flowrate
Heat Transfer Flux

Across Reactor Wall
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B. Experimental Design

The overall plan of experimentation is to study each independent variable
separately, holding all others constant, and to modify subsequent run conditions
to the extent suggested by prior particle size results. The variables will be
studied in decreasing order of estimated importance to the particle size. Due
to the number of variables for study and the effort required per run, there will
be very little duplication of run conditions. This of course creates the risk
of faulty data being undetected, but allows a greater range of process condi-
tions to be studied. The risk is minimized by achieving steady-state conditions
for sufficient time (45-60 minutes minimum) during each run and by strict
adherence to a standard operating procedure so that the effects of operator
technique and bias are eliminated. Cross-contamination of each run's product
from preceding runs has historically been less than 10% by weight in Callery's
production experience; a material balance will be done for each experimental run

to check for cross-contamination.

The experimental effort has been divided into groups, within which the results
of particle size are related. The different variables' ranges and the group
divisions are shown in Figure 2. The specific conditions for each run are

tabulated in Section V.A.2., Table of Run Conditions".
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C. Special Considerations for Particle Recycle

The hypothesized particle formation mechanism in Section II.A. states that
homogeneous nucleation from the supersaturated vapor phase creates particles
which then undergo size growth by collision and/or deposition. If particles
(Seed Nuclei) were present in the reaction zone before the onset of homogeneous
nucleation, the supersaturated condition of the vapor phase would be equilibrated
by condensation only, which is a much lower-energy path to equilibrium than
homogeneous nucleation. Certain parameters of the particle growth mechanism
could thus be studied in a simplified manner. In fact, there is considerable
commercial use of this phenomenon in such applications as fluidized-bed combus-
tion and semiconductor device fabrication ("Chemical Vao~- Deposition"), among

others.

The boron process system easily lends itself to introduction of a dispersed
powder-in-nitrogen stream into the reaction zone. This stream would be mixed
with the borane feed jet, and thereby provide the seed nuclei for vapor
deposition. The major variables expected to control the amount of deposition
are (1) feedrate of borane, which controls the partial pressure of condensing
species and also the mixing rate of the feed streams; (2) T4 @nd reactor wall
temperature, which control the vapor pressure of condensing species and the rate
of decomposition of the feed and the deposited species, and (3) the number of

seed nuclei present, which controls the surface area available for deposition.
Due to the relatively few number of runs planned for recycle study, Ta and
reactor wall temperature will be held constant at values in the middle of the

range described previously. Also, since it is desirable to investigate both
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"once-through" and consecutive recycle, the minimum useful number of three
diborane feedrates and three particle feedrates should be studied. Accordingly,
diborane feedrates will be 1.68, 3.0, and 5.0 1b/hr. Particle feedrates should
be low, so that maximum deposition per particle is achieved; the equipment
described later in Section IV.A. lends itself to particle feedrates of 12, 24,
and 30 grams powder/hour. After the combinations of diborane and particle
feedrates have been conducted, a series of runs, each using recycled boron
powder from the previous run, will be conducted while holding all independent
variables constant. It is expected that conditions of minimum particle feed-
rates and maximum diborane feedrate will yield the highest quantity of deposi-

tion per particle and consequently the largest increase in particle size.

The total recycle effort is necessarily limited in scope, but is designed to

provide sufficient data to reliably assess the utility of recycle for boron

particle enlargement.
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IV. EQUIPMENT - DESIGN

A. System Integration

The equipment specified for the experimental boron system closely resembles
the Callery production system, with additional flexibility provided for explora-
tion of wide ranges of variables. Safety is of prime importance when working
with boron hydrides, and therefore good ventilation, robust equipment,

simplicity, and reliability are extremely important considerations.

The overall system, shown in Figures 3 and 4, utilizes diborane from refrige-
rated gas cylinders at -80°C and 30 to 300 PSIG, and nitrogen from an 80 PSIG
supply header. The diborane cylinders (up to 3 in number) are connected to a
manifold which leads to a 30 PSIG step-down regulator; the cylinder stations and
header are completely contained within an open-face fume hood with induced-draft
negative pressure ventilation. Each cylinder station is fully purgeable with 40
PSIG nitrogen to prevent air entry into the system when connecting cylinders.

30 PSIG regulated diborane flows to a rotameter/throttle valve assembly for
precise control of flowrate, and then is routed to the reactor feed nozzle.
Dilution nitrogen is introduced through a tee sufficiently upstream of the feed
nozzle to allow complete mixing. A1l tubing carrying diborane is 304 or 316
stainless steel, to ensure adequate low-temperature ductility and to prevent
contamination of the feed stream by rust; lines are generously sized so that
plugging from diborane degradation products (BHx, 8203) is prevented. Valving
and purge connections are arranged such that any section of diborane piping can

be isolated and/or purged to the reactor or to the vent line.
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The process nitrogen for diluent, heater, and flush stream is regulated at 30
PSIG and flowrates are precisely controlied by individual rotameter/throttle
valve assemblies. Each stream is filtered through a 0.45 u cartridge filter to
prevent migration of rust/dust particles into the reactor, which could act as

seed nuclei.

The reactor itself is an L-shaped welded fabrication, with one branch of the "L"
filled with 1/4 inch Inconel 600 Raschig rings; this section serves as the
nitrogen heater. At the joint of the "L" is a threaded pipe tee for insertion
of the feed nozzle/flush tube assembly. The other side of the "L" is the
reactor section. The end of the reactor is flanged for connection with the
primary separator. The entire reactor/heater assembly is constructed of 1 1/4
inch schedule 40 Inconel 600 pipe., which has excellent high-temperature
strength and outstanding resistance to both the external oxidizing and internal

reducing conditions present during operation.

The process heaters are a "Clamshell" resistance-type design which provides for
easy installation and removal. The two heaters that enclose the horizontal
nitrogen heater are each of 3200 watts capacity at 2200°F maximum operating
temperature. The three vertical reactor heaters are also "Clamshell" type with
a rating of 2300 watts, 2200°F maximum. The five heaters and the reactor/N,
heater assembly are all supported by a 1/4 inch carbon steel welded frame; the
three reactor heaters are each on a shelf and the small gaps between the heater
housings are packed with "Thermazip" ceramic insulating blanket to prevent a
chimney effect. Also supported by the carbon steel frame is a control panel
which holds the five variable transformers ("Powerstats") and five ammeters that

control the process heaters, and holds the 12-point temperature recorder.
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Process temperatures are measured with Type K (Chromel-Alumel) thermocouples
banded onto the Reactor/Nz heater pipe with stainless steel wire. The process
heaters have factory-installed integral thermocouples. The temperature recorder
is a digital/analog programable unit with 12 channels recorded in 6 colors, and
it is capable of automatically logging the time and date on the face of the
chart paper. A thermocouple burnout is indicated by full-scale deflection of
the affected channel. A depiction of the thermocouple attachments to the

process is given in Figure 5.

The feed nozzle/flush tube assemblies are a modular design, with the feed nozzle
tube mounted concentrically inside the flush tube, and the tube delivery ends
are in the same horizontal plane. The assembly is installed in the reactor in
such a manner that the tube ends are in the plane of the upper edge of the top

heater.

A stainless steel "Primary Separator" is connected to the bottom outlet end of
the reactor pipe and serves to disengage any large particles or chunks of boron
from the product stream. This separator also provides passive cooling of the
product stream so that downstream temperatures are not excessive. A ball valve
is connected to the outlet for purposes of isolation for leak-testing of the

separator after each operating cycle.

The product baghouse is connected to the primary separator through a 1-1/2 inch
stainless steel welded pipeline, and is itself of welded 304 stainless steel
construction with a 2.2 PSIG maximum pressure rating. Specifically, the

baghouse is a MIKRO-Pulsaire Model 2 1/2 B with 25 ft2 of fiberglass filter
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area, discharging by nitrogen reverse-pulise to an integral hopper having 60°
cone sides and a bottom 8 inch outlet. This bottom outlet is sealed with an 8
inch nylon-ll-coated butterfly valve, and is emptied into polyethylene bags
which are the final boron product containers. The filled bags are stored inside

open-top 55-gallon drums for protection.

The experimental boron process system constructed as described closely dupli-
cates a proven system which has demonstrated a high percentage of availability
and operability, and is designed to be repaired in minimal time should a
breakdown occur. This creates benefits to the contract since funds will be
expended for research results rather than hardware debugging, and since particle
size increases will be due to intentional variations of operating conditions

rather than hardware peculiarities.

The particle recycle effort is accomplished through the modular addition of a
Model 1251 particle feeder device manufactured by the Plasmadyne Division of
Miller Thermal Technologies, Inc. The feeder uses a slotted rotating wheel to
discharge a precise volume of boron powder into a gas stream. In this appli-
cation, the flush nitrogen stream of the process is diverted through the
particle delivery end of the feeder, and conveys the boron to the reactor
through the flush tube of the feed nozzle/flush tube assembly. It was briefly
considered that the recycled powder should be introduced via the diborane feed
stream, but this was judged to be unsafe since the particle feeder must be

frequently opened for cleaning and recharging.
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B. Operating Method

The assembled experimental system was first cleaned of all grease, welding
slag, and general contaminants and then leak-tested by pneumatic test with
nitrogen. Upon satisfactory completion of these, operational testing began with
the goals of developing standard operating procedures, establishing inert condi-
tions inside the system, and identifying any equipment or assembly deficiencies.
When proper functioning of the system was obtained, two proveout runs using
diborane were performed at conditions similar to commercial production, and the
resulting particle sizes were shown to be sufficiently close to Callery's

product for the proveout to be successful.

A typical experimental run requires that the operating conditions of diborane
feedrate, nitrogen flows and temperature, reactor wall temperatures, nozzle
size, and run duration be calculated prior to set-up. Then, starting with an
empty baghouse and primary separator, nitrogen flow is initiated to ensure
proper purging and then the process heaters are turned on. Normally a two to
three-hour heatup period is required to reach temperature steady-state; during
this period the operator prepares sample bottles and product bags, weighs and
logs the previous run's product, and prepares the logbook for data entry. When
temperatures have stabilized, the operator retrieves the diborane cylinder(s)
from the storage cooler and connects them after purging the manifold. Diborane
pressure is noted, and the proper flowrate is initiated. Immediately, the
operator increases the amperage to the 3 reactor heaters to compensate for the
drop in wall temperature that occurs upon diborane entry into the reactor.
Then, during the reaction, the operator carefully monitors all flows, tempera-

tures and pressures and adjusts as necessary to maintain steady-state.
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Occasionally, deposits will form on the inside wall of the reactor which
interfere with flow and cause pressure increases. Rapping on the reactor pipe
usually dislodges these, but if they remain, the run sometimes must be

terminated.

Upon completion of a run, the diborane cylinder(s) outiet valve is closed and a
nitrogen purge is initiated on the line for 15 minutes while the reactor is at
operating temperature. Then, the cylinder is disconnected, weighed, and
returned to storage, and the process nitrogen flows are reduced to standby

rates. The process heaters are turned down to "Idle" settings.

When the baghouse and primary separator have cooled to near-ambient (usually not
until the next morning), they =.c :mptied into the preweighed bags and the
system is ready for another c,cle. Normally, the feed nozzle/flush tube
assembly is removed an- inspected at this time to ensure it is serviceable for

the next run.

The recycle runs are operated in an identical manner as above, with the addi-
tional steps of cleaning, loading, and operating the particie feeder. The
feeder is loaded (if necessary) during the reactor heat-up period. When the
system is up to temperature, the flush nitrogen stream is diverted into the gas
inlet of the feeder, and the powder wheel motor is started and its speed
adjusted to that desired for the run. Dispersed powder is now flowing into the
reactor, and diborane flow is initiated. During operation, the feeder motor
speed and powder chamber level are monitored; at the conclusion of a run, the
diborane is shut off and then the feeder motor is stopped and the flush nitrogen

flow is then bypassed around the feeder. While the process system is cooling
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down, the particle feeder is cleaned out if the next run requires a different

boron powder lot to be fed.

The operating method described above has resulted in generation of reliable

data, and has maximized safety and reliability of the system.

- 31 -




V. EXPERIMENTAL METHOD

The means of control of the experimental boron process, the variables providing
that control, the function of the various system components, and the general
operating procedure have all been described in previous sections. This section
is intended to elucidate the formulation of the operating conditions for each of
the 64 experimental runs, and to explain the various methods and techniques used

to obtain experimental results.

A. Calculations

1. Sample Calculations

Diborane physical and thermodynamic properties have been obtained from the
“Diborane Handbook"”, National Aeronautics and Space Administration, Contract
NAS7-769. Nitrogen, hydrogen, and boron properties have been taken from the
"Advances in Chemistry Series", American Chemical Society, Number 18: Thermo-
dynamic properties of the elements. Certain properties not available elsewhere

have been found in "Handbook of Chemistry and Physics", CRC Press, 64th Edition.

Adiabatic Combustion Temperature (Ta)

The reference state for this calculation has been defined as 25°C
(77°F), which is very close to the temperature of the process area and is there-
fore a convenient reference. The enthalpies of all streams (diborane, flush Ny

and dilution N,) entering the process at this temperature are therefore zero.
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It has been decided to treat the diborane decomposition as forming products at
25°C, and then use the thermodynamic properties of those products in the Ta

calculation. The assumptions required to simplify the calculation are:

(a) The diborane decomposition is complete, i.e. 82H6

> 2B + 3H2
(b) Adiabatic conditions (no heat transfer across reactor wall)
(c) No PV work or frictional energy lost by flow stream

(d) Heat capacities for boron are for the 8 - rhombohedral crystalline

form; no values were found for amorphous boron

(e) Average values for heat capacities have been used (at 850°F). This

creates a small error of < 4% in some Ta values
(f) »a He® at 25°C for amorphous boron is 0.9 Kcal/g mole.

The heat of reaction for diborane as in (a) above is

8 Hp (25°C) = 8 He%gy. + 8 He™ boron (am.) = B-5 + 2 (0.9) Keal/g Mole
= -436.4 Btu/1b. B,H

For the calculation, as in (b) and (c) above, ) Hip = ) Hoyt and

H = wcp(Ta’Tref); if only the incoming heater nitrogen stream is at other than

25°C the 2 Hin = Hhtr.Nz‘
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So } Hip =wa Hep e + [(wy,) (Cp) + (wg)(Cp) + (sz)(cp)l (T4-Tref) where w

is the weight rate of flow of the various streams. As an example, for a Ta
of 842°F and BZHG flow of 0.84 1b/hr, heater NZ' 10.15 1b/hr, flush NZ’ 1.08

1b/hr, and dilution N2 of zero,

) Hi, = (0.84)(-436.4) + [(11.23)(.264) + (.66)(.470) + (.18)(3.497)](842°-77°F)

J Hio o= 2620.3 Btu/Hr

- - 3
in = 10.15 1b/hr Heater N. - 258.2 Btu/1b = 4.0 x 10° cal/g mole N,

2

Nitrogen has this enthalpy at 1080°F, so this is the oJperating temperature for
the heater nitrogen stream. The system enthalpy equation can be used to find
the enthalpy of the heater nitrogen stream required to balance the equation,
which is then used in the nitrogen thermodynamic tables to find the corre-
sponding temperature. Alternatively, by knowing all component enthalpies, or by
using an iterative procedure based on guesses of T,, the adiabatic combustion

temperature may be determined.

The relative turbulence in either the feed nozzle or the reactor pipe is best
assessed by use of the Reynolds number NRe where NRe = 9%3 and D is duct
diameter, u is velocity, o is fluid density, and u is fluid viscosity. Npe for
the feed nozzle stream is calculated with fluid properties at 77°F and the
actual feed pressure; for the reactor mixed stream it is calculated with

properties at T, and 14.7 PSIA. Ffeed nozzle Reynolds numbers have ranged from

970 to 59,900; reactor Reynolds numbers have ranged from 840 to 3100. (Note -
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feed nozzle Reynolds numbers have been calculated only for Groups 1 and 2
runs). The calculated NRe values are shown in Section VI, "Results and

Discussion”.

The material balance for each run is determined by

1b. boron recovered _ .
Tb. B,H, fed x 0.7814 X 100 = % yield,

and includes all boron samples, the primary separator contents, and the baghouse

recovered contents.

2. Tables of Run Conditions:
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TABLE 1

Variables for Study

CONSTANTS

Medium Nozzle,
Flush N,,
Dilution N2

T., Heater N, Flow,
Flush Ny, Difution’N,

T4s Feed Concentration,
Heater N,, Flush N,

Nozzle Diameter,
Feedrate, Flush Nz,
Dilution N2

Feedrate, T., Heater N
Flush NZ' Nozzle Diameter
Ditution NZ

Feedrate, Reactor Wall
Temp., Flush Nos Dilution
Nz, Nozzle Diameter

T,, Reactor Wall Temp.,
Nozzle Diameter (slight
changes), Dilution N,
(s1ight changes)

Ta, Heater N2, Nozzle
Diameter, Feed
Concentration

NUMBER
GROUP OF RUNS VARIABLE(S)
P (2) Feedrate
Heater NZ Flow
1 11 Nozzle Diameter
(Each at 2
Feedrates),
Feed Concentration
2 12 Feedrate (Each in
2 Nozzle Diameters),
Dilution N2 flow
3 12 T,, Heater N,,
Reactor Wall Temp.
4 4 Reactor Wall Temp.
5 6 Heater N2, Ta
6 8 Heater Nz, Feedrate,
Flush N2
7 11 Feedrate, Flush N2,
Particle Feedrate,
Seed nuclei size
* Ta = Adiabatic Combustion Temperature
** } = Mean Particle Diameter

p

- 36 -

PURPOSE

To provide preliminary
data for choosing -
Group 1 & 2 Ta*

Determine effect of
reaction zone length
on Dp**

Determine effect on D
of changing "Plane" of
Nucleation

Determine effect on D
of altering tempera-
ture-dependent rates

P

Investigate optimum
radiant heat transfer

Investigate Tower
turbulence/longer
residence time, low Ta

Search for optimum
combinations of
turbulence and
temperature

Determine maximum
Deposition conditions
during heterogeneous
nucleation




TABLE 2
A-167 Run Conditions

(1b/hr)  (1b/hr)  (Ib/hr)  (1b/hr)
(°F)  HEATER N, BoH FLUSH N, DILUENT N,
Ffof

GROUP RUN NO. NEEDLE TEMP_#5 FLOW FLOW FLOW
1 BGHS 1 3/16" in 1/2" 1750 9.17 3.0 1.08 0.85
& PRI
1 BGHS 2 3/16" in 1/2" 1170 10.15 1.0 1.08 0.85
& PRI
1 BGHS 3 3/16" in 1/2" 1700 10.15 5.0 1.08 0.85
& PRI
1 BGHS 4 14 Ga. in 1/4 1170 10.15 1.0 1.08 0.85
& PRI
1 BGHS 5 14 Ga. in 1/4 1700 10.15 5.0 1.08 0.85
1 BGHS 6 1/4" in 1/2" 1170 10.15 1.0 1.08 0.85
1 BGHS 7 1/4" in 1/2" 1700 10.15 5.0 1.08 0.85
1 BGHS 8 3/8" in 1/2" 1700 10.15 5.0 1.08 0.85
& PRI
1 BGHS 9 3/8" in 1/2" 1170 10.15 1.0 1.08 0.85
1 BGHS 10 18 Ga. in 1/4 1170 10.15 1.0 1.08 0.85
1 BGHS 11 18 Ga. in 1/4 1700 10.15 2.0 1.08 -0 -
2 BGHS 1 3/8" in 1/2" 1044 10.15 0.60 1.088 -0 -
& PRI
2 BGHS 2 3/8" in 1/2" 1168 10.15 1.19 1.08 0.42
2 BGHS 3 3/8" in 1/2" 1378 10.15 2.39 1.08 0.84
2 BGHS 4 3/8" x 1/2" 1585 10.15 3.58 1.08 1.26
2 BGHS 5 3/8" x 1/2" 1789 10.15 4.77 1.08 1.68
& PRI
2 BGHS 6 3/8" x 1/2* 1915 10.15 5.00 1.08 3.02
2 BGHS 7 14 Ga. in 1/4 1080 10.15 0.84 1.08 -0 -
2 BGHS 8 14 Ga. in 1/4" 1258 10.15 1.68 1.08 0.59
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TABLE 2 (Continued)

(1b/hr)  (1b/hr)  (1b/hr)  (Tb/hr)
(°F)  HEATER N, B,H. = FLUSH N, DILUENT i
2 fof 2 2

GROUP RUN NO. NEEDLE TEMP #5 FLOW FLOW FLOW ~
2 BGHS 9 14 Ga. in 1/4" 1404 10.15 2.52 1.08 0.89
& PRI
2 BGHS 10 14 Ga. in 1/4" 1546 10.15 3.36 1.08 1.18
2 BGHS 11 14 Ga. in 1/4" 1697 10.15 4.20 1.08 1.48
2 BGHS 12 14 Ga. in 1/4" 1828 10.15 5.00 1.08 1.75
& PRI
3 BGHS 1 14 Ga. in 1/4" 1128 10.15 1.68 1.08 0.59
Walls 1700
3 BGHS 2 14 Ga. in 1/4" 945 10.15 1.68 1.08 0.59
Walls 1700
3 BGHS 3 14 Ga. in 1/4" 757 10.15 1.68 1.08 0.59
& PRI Walls 1700
3 BGHS 4 14 Ga. in 1/4" 757 10.15 1.68 1.08 0.59
Walls 1900
3 BGHS 5 14 Ga. in 1/4" 750 10.15 1.68 1.08 -0 -
& PRI Walls 1900
3 BGHS 6 14 Ga. in 1/4" 757 10.15 1.68 1.08 0.59
Walls 1300
3 BGHS 7 14 Ga. in 1/4" 1810 12.00 1.68 1.08 0.59
& PRI Walls 1300
3 BGHS 8 14 Ga. in 1/4" 1810 12.00 1.68 1.08 -0 -
Walls 1700
3 BGHS 9 14 Ga. in 1/4" 1483 10.15 1.68 1.08 0.59
Walls 1700
3 BGHS 10 14 Ga. in 1/4" 1657 10.15 1.68 1.08 0.59
Walls 1700
3 BGHS 11 14 Ga. in 1/4" 1828 10.15 1.68 1.08 0.59
Walls 1700
3 BGHS 12 14 Ga. in 1/4¢ 1810 12.00 1.68 1.08 0.59
& PRI Walls 1700
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TABLE 2 (Continued)

(°F) (1b/hr) (1b/hr) (1b/hr) (1b/hr)
TEMP #5 HEATER N, B,H FLUSH N, DILUENT N,
GROUP RUN NO. NEEDLE TOP/MID/BOT FLOW FEOB FLOW FLOW
4 BGHS 1 14 Ga. in 1/4" 757 10.15 1.68 1.08 0.59
1300/1300/1775
4 BGHS 2 14 Ga. in 1/4" 750 10.15 1.68 1.08 -0 -
1300/1300/1775
4 BGHS 3 14 Ga. in 1/4" 750 10.15 1.68 1.08 -0 -
1100/1100/1775
4 BGHS 4 14 Ga. in 1/4" 750 10.15 1.68 1.08 -0 -
& PRI 1100/1100/1500
5 BGHS 1 14 Ga. in 1/4" 779 8.30 1.68 1.08 -0 -
1300/1500/1700
5 BGHS 2 3/16" in 1/2" & 826 6.50 1.68 1.08 -0 -
& PRI 14 Ga. in 1/4" 1300/1300/1700
5 BGHS 3 14 Ga. in 1/4" 905 4.75 1.68 1.08 -0 -
1300/1300/1700
5 BGHS 4 14 Ga. in 1/4" 988 3.70 1.68 1.08 -0 -
1300/1300/1700
5 BGHS 5 14 Ga. in 1/4" 828 3.70 1.68 1.08 -0 -
1100/1300/1700
5 BGHS 6 14 Ga. in 1/4" 779 3.70 1.68 1.08 -0 -
& PRI 1300/1300/1700
(A11 1" longer
except 6-7)
6 BGHS 1 14 Ga. in 1/4" 743 15.00 3.0 1.08 -0 -
1100/1100/1600
6 BGHS 2 14 Ga. in 1/4" 777 15.00 4.0 1.08 -0 -
1100/1100/1600
6 BGHS 3 14 Ga. in 1/4" 788 17.00 5.0 1.08 -0 -
& PRI 1100/1100/1600
6 BGHS 4 14 Ga. in 1/4" 1063 3.70 2.0 0.75 0.59
1100/1100/1500
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TABLE 2 (Continued)

(°F) (1b/hr)  (1b/hr) (1b/hr)  (1b/hr)
TEMP #5 HEATER N, BoH FLUSH N, DILUENT N,
GROUP RUN NO. NEEDLE TOP/MID/BOT FLOW FEOQ FLOW FLOW
6 BGHS 5 14 Ga. in 1/4® 1162 3.70 2.0 1.50 0.59
& PRI 1300/1100/1500
6 BGHS 6 3/8" in 1/2" 747 10.15 1.68 1.08 -0 -
1100/1100/1500
6 BGHS 7 3/16" in 1/2" 747 10.15 1.68 1.08 -0-
(original 1100/1100/1500
length)
6 BGHS 8 1/4" in 1/2" 747 10.15 1.68 1.08 -0 -
1300/1100/1500
(g/hr)
POWDER
FEEDRATE
(RPM)
7 BGHS P 14 Ga. in 1/4" 1216 10.15 1.68 1.08 12
(4.00)
7 BGHS 1 13 Ga. in 1/4" 1416 10.15 3.0 1.08 12
(4.00)
7 BGHS 2 13 Ga. in 1/4" 1708 10.15 5.0 1.08 12
& PRI (4.90)
7 BGHS 3 13 Ga. in 1/4" 1416 10.15 3.0 1.08 24
(8.00)
7 BGHS 4 13 Ga. in 1/4" 1416 10.15 3.0 1.08 30
(10.00)
7 BGHS 5 13 Ga. in 1/4" 1494 10.15 3.0 2.16 24
(8.00)
7 BGHS 6 13 Ga. in 1/4" 1369 10.15 1.68 3.24 12
& PRI (4.00)

- 40 -




D |

TABLE 2 (Concluded)

- 4] -

(g/hr)
(°F) (1b/hr)  (1b/hr) (1b/hr) POWDER
TEMP #5  HEATER N, B,Hs  FLUSH N, FEEDRATE
GROUP RUN NO. NEEDLE TOP/MID/BOT FLOW FEoﬁ FLOW (RPM)
RECYCLE
. 7 BGHS 7 13 Ga. in 174" 1416 10.15 3.0 1.08 12
(4.00)
7 BGHS 8 13 Ga. in 1/4" 1416 10.15 3.0 1.08 12
- & PRI (4.00)
7 BGHS 9 13 Ga. in 1/4" 1416 10.15 3.0 1.08 12
(4.00)
7 BGHS 10 13 Ga. in 1/4" 1416 10.15 3.0 1.08 12
& PRI (4.00)




B. Particle Size Measurement

1. Sample Preparation

The method developed for reproducible sizing and analysis of the boron
powder began with the sampling of the bulk powder at Callery. The bulk powder
collected from each experimental run is gravity discharged from the baghouse
hopper into a large polyethylene bag while excluding air. After transfer, the
bag of powder is slightly pressurized so that a flow of mixed nitrogen and
powder is obtained through a tube leading from inside the bag to a sample bottle.
The end of the tube inside the bag is in the approximate center of the powder
mass so that unrepresentative material near the edges of the mass is not
sampled. Three bottles were filled in this manner- one serving as a retainer
for Callery and two which were sent to Allied-Signal for subsequent analysis.

Each bottle contained about 8 grams of powder.

At Aliied-Signal, one bottle from each run was analyzed and the other bottle was
left sealed and retained for possible future analysis. A sample from each
experimental run was prepared for particle size/shape analysis. Since the amount
of sample required for Scanning Electron Microscopy (SEM) is so small, a method
had to be devised in order to obtain representative and reproducible sampling.
The best method involves throughly mixing the powder in the bottle and
dispersing 0.1 gram in 100 mL of ethanol using an ultrasonic bath. This sample

was then used for particle size determination by both light scattering and SEM.

The particle size determinations by light scattering were made on a Leeds and

Northrup SPA Particle Size Analyzer. This instrument has a size range of 0.3 to
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40 micrometers. One mL of the boron/ethanol slurry is added to the water in the
sampler and continuously recirculated through the sample cell. The instrument
converts the scattered light patterns into a particle size distribution. The

instrument expresses the particle size as an equivalent spherical diameter.

In order to obtain reproducible samples for the SEM analysis, we spin-coated the
boron-ethanol slurry onto one inch diameter cover slips using a Headway Research
Photoresist Spinner. The coverslip was cleaned and dust and 1int were removed
with a filtered nitrogen stream. The glass disk was labeled and spun at 1000
RPM. Ten to 20 ul of the slurry were applied with an adjustable micropipet to
the center of the spinning disk. The spinning motion evenly distributes the
boron particles across the disk without forming large clumps. The particles
also adhere to the disk sufficiently well to allow subsequent handing without
losing material. Each sample was prepared in duplicate. These disks were then
gold-coated before SEM analysis to minimize distortion due to charging effects
in the instrument. A1l of the SEM photographs were obtained on a JEQOL JSM-840A

Scanning Microscope.
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2. Size Determination Method

Prior experience with particle size measurement of Callery's commercial
products has shown that the various indirect techniques, i.e., centrifugation,
light-scattering, and Coulter counter, generally cannot distinguish individual
particles from agglomerates. This has been determined by comparison of photo-
micrographs by S.E.M. and T.E.M. methods to indirect results; the comparisons
show that the particle sizes determined by indirect methods correlate closely
with measurements of agglomerate dimensions from photomicrographs, but are
usually 2 to 6 times larger than the individual mean particle diameters.
Additionally, T.E.M. - derived photomicrographs normally show low clarity due to
the physical properties of boron. Therefore, the scanning electron microscope
(S.E.M.) is considered to be the best technique for providing direct measurement

of boron particle sizes.

The prepared slides with the dispersed powder are examined under SEM. Several
photographs, 1 lower-magnification (20,000X) and 3 higher-magnification
(50,000X) photomicrographs are made. The 20,000X print is used for qualitative
Jjudgment of agglomerate structure and particle population density. The three
50,000X prints are subjectively judged for relative populations of various
particle sizes, then a random but representative sample of the total particle
population is measured for diameter to within 0.2 mm. Prints of different runs
are not critically compared prior to measurement, to reduce bias by the
measurer. A minimum of 10, and generally 15 to 20, particles are measured on
each print so that the number of measurements (n) is greater than 30. The

number of measurements allows the approximation of Gaussian distribution to be

made; mean size (x) and standard deviation (s) of the sampled population for
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each experimental run are then calculated and are reported in the "Results"
section. The resolution of the individual measurements is approximately + 40 A.
As a check on the accuracy of the method 2 runs (2-8 and 3-1) made at essentially
identical conditions were compared. The x values compare at 579 & and 552 &,

and the s values compare at 129 X and 101 &, and using a two-population test of

hypothesis for means [11], where

n = number of particles measured
x = individual particle size (a random variable)
X = sample arithmetic mean particie size
2 1/2
) (x;  x)
s = sample standard deviation, = —
u = population mean; regarded as constant for
any population in this work
F = ratio of variance = 512/522
2 _ booled . ‘) ] slz(nl-l] + szz[nz-l)
Sp~ = Pooled variance o sample means, = (n =D+ (ny1)
¢ = (xl ‘Xz) - (Ul ‘“2)
172
(Sp [l/n1 + 1/n2]>
Hg = null hypothesis x; = X, (deviation of method is due to chance)
Hl = alternative hypothesis X1 * Xp (deviation of method is due to

defective sampling)

at significance level = a = .01

for Run 2-8: ?1 =579 ks  =1294& ny =65
Run 3-1: Xy = 552 & Sy = 101 & ny = 60
. Firtt, testing validity of assumption of o 12 =g 22 by F distribution:

| Degrees of Freedom = (n;-1, n,-1) = (64, 59) at 2 « the critical value from F
tables [11] for F (60, 60) is 1.84:
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2
_ | 129 -
Sample F = l 101 = 1.63 < 1.84

There is insufficient cause to reject the hypothesis that deviation of the
method is due to chance. One hundred twenty-three degrees of freedom and a two-
tailed a level of 1% gives, from the t tables [11], a critical value of t =

+ 2.61. The pooled sample variance is given by

sp2 - 64(129)% + 59 (101)% = 13,552 &
64 + 59

Sp = 116 &

The sample t = (579 - 552) = 1.30
1 1\1/2
116 (&, ‘66>

The decision rule is to accept Hy if - 2.61 < sample t < 2.61. Therefore at
sample t of 1.30 it is accepted that the deviation of the measuring method is

due only to chance.

To further check that the distribution of particle sizes measured are not
unintentionally biased, Run 3-1 particle size counts were plotted to determine
distribution (See Figure 6) in 5 fractions. This run was chosen since nearly
all of the distinct particles in the 3 separate 50,000X prints were measured.
The resulting distribution resembles Gaussian but is skewed to the left, there-

fore the mean particle size of the total population is somewhat less than 552 &.

A check of distribution for a larger particle size sample was done for Run 6-2
(See Figure 7). The distribution here is bimodal with 57% of particles falling

into separate extremes comprising 27% of the size range. It is clearly
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HISTOGRAMN
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Figure 7. Particle Size Distribution for Sampie 6-2B
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misleading to assign a standard deviation to particle size averages with such an
abnormal distribution; however, since the purpose of the work is to investigate
process conditions that lead to larger particle sizes, the mean values x are
still usable regardless of distribution. This is so because the effect of
larger particles is to increase the mean size, whether it has occurred by
increasing size of all particles, by adding large particles to an otherwise

constant-size population, or by reduced numbers of small particles.

It must be kept in mind, however, when considering the mechanism of particle

formation, that the process may create larger particles in discrete size ranges,
or continuously. This could require a different mechanism for the different
distribwtions of size enlargement. Generally, the runs showing mean particle
diameters below approximately 700 & have a normal but left-skewed distribution,
and larger mean sizes will be reviewed on a case-by-case basis. Histograms and
statistical analyses for all Groups 4, 5, and 6 Runs are available in the
APPENDIX. Multiply the histogram X-Axis by 200 to obtain sizes in angstroms,

since § mm on the 50,000X photomicrographs represents 1000 &.
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C. Chemical and Physical Analysis

In addition to the particle size/shape analysis, the boron powders produced
by Callery were also subjected to a variety of physical and chemical characteri-
zation procedures. In the original project proposal, these analyses were geared
toward determining the suitability ¢f the boron for use in slurry fuels and com-
paring the properties of the uncoated boron with those of the coated boron
produced by Allied-Signal during Phase Il of this program. However, with the
cancellation of Phase II, the particle characterization methods were modified to
provide extensive analysis of the boron powders produced under various reactor

conditions.

The analytical techniques used for the characterization of the boron powders can
be divided into two main categories: physical properties and chemical composi-
tion. The physical characterization includes particle size/shape distribution
(discussed in the previous Section V-B-2), surface area/porosity measurements,
and particle density. The chemical analyses include a variety of techniques to

determine both the bulk and surface composition of the boron powders.

1. Physical Properties

Particle Surface Area/Porosity

As the particle diameter increases, the surface area per unit mass of
the particle will decrease. A spherical shape provides the minimum surface area
to volume ratio of any geometrical configuration. The lowest possible surface

area on the boron particles is desirable since the exposed surface impacts on
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both the rheological and combustion properties of the slurry fuel. Therefore,
in addition to particle size distribution, the surface area of the particles is
another important parameter in determining the suitability of the boron for use
in the fuel. The pore volume and distribution of pores within the particles is
also important since these can significantly increase the surface area of a
particle even though it is spherical. In this work, we determined particle

surface areas using the B.E.T. nitrogen adsorption method.

Particle Density

Particle density is another important parameter in determining the
stability of dispersions of boron particles in a fuel. The relative densities
of the particles and the liquid dispersing medium control the rate of gravi-
metric settling. Therefore, a measure of the true particle density is required.
In this case, we measured particle densities with a helium pycnometer to compare
the boron powders produced at in this program with the tabulated density for
boron as an indication of uniformity within the particles. If the particles

were hollow inside, their density would be much lower than expected.

Heating Value

In the original proposal, measurement of the heating value of the
particles was included in the physical characterization of the boron powders.
These values were to be compared to those obtained for the coated particles

-«

produced in Phase II. Since Phase II was cancelled, the heating value

measurements were eliminated from the characterization work.
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2. Chemical Analysis

A variety of analytical techniques were used to determine both the bulk and
surface chemical composition of the boron particles. The purity of the boron is
the primary concern. According to the goals in the program, a minimum purity of
95% boron is required for obtaining the maximum volumetric heat content and

combustion properties.

Boron Assay

Several analytical methods for the determination of boron at high con-
centrations were examined. We required a method that could determine boron con-
centrations of 95 wt¥% or greater with a precision of <1% RSD. The most appro-
priate techniques included acid-base titration in the presence of mannitol,
Inductively-Coupled Plasma Atomic Emission Spectrometric (ICP-AES), and Atomic

Absorption Spectroscopy (AAS).

The acid-base titration method using mannitol was examined, but we found that
the titration endpoint was dependent on the ionic strength of the solution.
Also, the boron concentrations determined by this method were lower than the
expected values by 1 to 2 wt¥. The AAS method has an upper linear working con-
centration range of about 500 ug/mL. This would require the use of either very
small amounts of powder sample or large liquid volumes to assure representative
sampling. We chose the ICP method because it involves fewer steps than the wet
chemical method, allows the use of higher solution concentrations of boron than
AAS, provides better precision, and allows us to simultaneously qualitatively
identify most of the other elements that may be present in significant
concentrations.
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The following procedure was used to measure the boron content of the powders:

Sample Preparation

About 0.05 g of a boron powder sample was accurately weighed (+ 0.0001 g)
into a Pyrex 250 mL Erlenmeyer flask. The flasks were leached with dilute
nitric acid before use. Fifteen mL of Nanopure water (Barnstead, Dubuque, IA)
and 3.00 mL of ultrapure nitric acid (Seastar, Seattle, WA) were added to the
flasks. The samples were carefully heated on a hotplate to dissolve the boron.
There was an induction period of a few minutes before the reaction occurred and
then there was a vigorous evolution of gas. The solutions were allowed to
digest for about one hour with frequent additions of small volumes of water to
wash down the sides of the flask. The samples were cooled, quantitatively
transferred to a pre-leached, 100 mL polypropylene volumetric flasks (Nalgene,
Rochester, NY), and 25.00 mL of a 1000 wg/mL scandium standard solution (Spex
Industries, Edison, NJ) were added to provide a 50.0 ug/mL internal standard for
the ICP measurements. The solutions were diluted to volume and thoroughly mixed

just prior to analysis.

Several boron standard solutions were prepared using NBS 951 Boric Acid
(National Institue of Standards and Technology, Gaithersburg, MD) which has a
certified purity of 100.00 + 0.01 wt¥% boric acid. The 5000 ug/mL boron stock
solution was diluted to make several standard solutions with concentrations that
bracketed those expected for the boron powder samples (450 to 550 ng/mL). A1l
samples were prepared in triplicate and a blank solution was prepared with each
set of samples. The blank consisted of Nanopure water and nitric acid and was

carried through the entire sample prep procedure.
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ICP-AES Analysis

A1l measurement were performed on a Perkin-Elmer Plasma II Emission
Spectrometer using argon as the plasma gas. Initially, four different boron
emission lines were used for the analysis: 182.589, 182.640, 208.959, and
249.773 nm. The linearity of the instrument response was checked using the 5
standard solutions with concentrations of 450, 475, 500, 525, and 550 ug/mL
Boron. The 249.773 nm emission line of boron was found to be the most sen-
sitive, reproducible, and showed less effects from boron build-up. The other
lines showed significant deviations from the standard values because of the
large quantities of boron aspirated through the system. Generally, we found it
necessary to aspirate pure water through the system for 5 to 10 minutes between

each sample to prevent high background signals from boron.

The instrument was calibrated using the blank solution and three of the standard
solutions-475, 500, and 525 ug/mL boron. Each of the boron powder sample batchs
that were analyzed were prepared in triplicate and the emissior from each solu-
tion was measured five times- a total of 15 measurements on each batch of
powder. The standard solutions were frequently run between sample analyses to

check the instrument calibration.

Semi-Quantitative Analysis

ICP-AES was also used to determine the levels of 67 other elements in
the boron powder samples. Sample preparation was similar to that used for the
boron assay procedure with a few variations. New plastic volumetrics flasks and

Teflon beakers were leached with nitric acid before use to minimize contamina-
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tion of the boron samples. About 1 gram of boron powder was dissolved and
diluted in 50 mL volumetric flasks to increase the concentrations of any non-
boron impurities for easier detection. A multi-element calibration mixture was
prepared using Spex and Fisher certified ICP-AES standards, a scandium internal
reference, and a matrix solution containing 2000 ug/mL boron in nitric acid.
This analysis is considered semi-quantitative since the boron concentration in
the sample matrix is about 10 times that in the standard multi-element cali-

bration mixture.

Other Chemical Analyses

The boron powder samples were also analyzed by other techniques to
further characterize their chemical composition. Elemental analysis for carbon,
hydrogen, nitrogen, and sulfur was performed on a LECO CHN 600 and a LECO SC132,
respectively. The ICP-AES method is not suitable for these elements. Infrared
spectroscopy on a Perkin-Elmer 580B Infrared Spectrometer was used to identify
any non-elemental boron compounds such as oxides and hydrides that may be pres-
ent. X-ray diffraction (XRD) measurements on an automated Norelco Diffractometer
were included to determine whether the boron powders are amorphous or have any

crystalline phases present.

X-ray photoelectron spectroscopy (XPS) on a Hewlett-Packard 5950A ESCA
Spectrometer with an AlKa monochromatic source was used to study the chemical
composition of the surface of the boron powders. The surface composition is
extremely important in determining the combustion properties of the powders. An
oxide coating has been shown to reduce the combustion rate of boron in slurry

fuels. XPS provides semi-quantitative information about the elements are
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present at or near the surface of the boron surface.

chemical information about the oxidation states of those elements.

In addition, it also gives

Therefore,

we can distinguish boric oxide on the surface from chemically adsorbed oxygen.

The characterization techniques, the type of information obtained, and the

specific instruments used are summarized in Table 3.

TABLE 3

Characterization Methods for Boron Powder Samples

Technique

Information Obtained

Instrument

Light Scattering

Scanning Electron
Microscope

Helium Pycnometry
B.E.T. Nitrogen
Adsorption
ICP-AES

Elemental Analysis

XPS

IR

Agglomerate size distribution
Particle size/shape
distribution

Particle density
Surface area/porosity
Boron content of powders.

Trace element impurities

Carbon, hydrogen, nitrogen
content, sulfur content

Composition of particle
surface

Identification of boron
compounds

Identification of chemical
phases, extent of crystallinity
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Leeds & Northrup SPA
Particle Size Analyzer

JEOL JSM-840A Scanning
Microscope

Quantachrome
Stereopycnomenter

Quantachrome Autosorb-6

Perkin-Elmer Plasma II
Emission Spectrometer

LECO CHN 600
LECO SC132

HP5950A ESCA
Spectrometer

Perkin-Elmer 5808
Infrared Spectrometer

Automated Norelco
Diffractometer




VI. EXPERIMENTAL RESULTS

The experimental run data consists partially of tabulated values for material
balance, Reynolds numbers, Ta' and particle size, which are included in the text
of this section. The balance of the data, consisting of SEM photomicrographs of
boron samples, statistical analysis computer printouts, and particle size

histograms, are attached in the Appendix, due to their bulkiness.
A. Conventional Mode

The Group 1 experiments exhibited no particularly unusual performance with
the variations of nozzle size and diborane feedrate. Some "Clinker" formation
(chunks of boron caused by wall deposition) was observed, particularly in Run
1-8. The use of the largest feed nozzle in the series, 3/8 inch 0.D., led to
some problems with nozzle plugging and tended to cause slightly erratic opera-
tion. For Run 1-11, it had been planned to operate at 5 lb/hr diborane flow,
but the high pressure drop created by the 18 gauge feed nozzle limited the
feedrate to 2.0 1b/hr diborane. To even achieve 2.0 1b/hr, the dilution
nitrogen was eliminated for that run only. The particle size measurements range
between 569 X and 710 A; random histograms done for Runs 1-6 and 1-11 show

fairly normal distribution.

Group 2 experiments were all performed at constant mole fraction diborane feed,
usizg 2 sizes of feed nozzle. The runs using the 3/8 inch 0.D. feed nozzle con-
tinued to exhibit clinker formation, although an attempt at reducing clinkers
was made in Run 2-1 by shortening the feed nozzle/flush tube by 1 inch. Runs

2-1 and 2-7 were performed with no dilution nitrogen flow, which did not
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significantly increase particle size. Particle size measurements range from

514 & to 641 &; a comparison of Runs 1-9 and 2-2, made under similar conditions,
show about a 10% variation in mean particle size, which tends to validate the
measurement technique. Run 2-1 feed conditions were intended to achieve laminar
flow conditions in the feed nozzle, presumably altering the nature of the feed

jet structure, with no apparent benefit to particle size.

Group 3 Runs were condUcted to examine the effect of T, on particle size. A1}
but one of the runs gave sizes similar to previous runs; Run 3-6 showed a sub-
stantial increase in size, and was incompletely dehydrogenated. This run
finally provided the clues needed to find process conditions that lead to larger
particles; these clues were incorporated in subsequent Group 4, 5, and 6 Runs,
and basically involved lower reactor wall temperatures combined with moderate-
to-low T, values. Most of the Group 3 Runs showed slight plugging tendencies
except for Run 3-6, which had some problem with clinker formation. Particle
size distribution has been checked for Runs 3-1, 3-6, and 3-12; distribution is
relatively normal for 3-1 and 3-12, but Run 3-6 has a distribution tending
towards bimodal. Mean particle sizes for Group 3 have ranged from 494 X to

912 i.

Group 4 Runs were exclusively concerned with investigating lower reactor wall
temperatures, and showed that this is an extremely important process variable.
Clinker formation was much more prevalent, and was a constant annoyance during
the runs. Run 4-4 was somewhat incompletely dehydrogenated, although less so
than Run 3-6. A 1 inch longer feed nozzle/flush tube assembly was used for Run
4-4 (and also for Runs 5-3 through 5-6) which reduced somewhat the reactor

plugging tendency. The Group 4 runs have provided considerable information for
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assessing the particle formation mechanism; particle sizes ranged from 743 & to
1475 &, and the particle size distributions were anything but Gaussian. This is
due to collision phenomena which are treated thoroughly in the discussion

portion of this section.

Group 5 Runs were intended to explore turbulence effects on particle size, and
have shown some relationship between those two. The minimum Ta of the program
was used in Run 5-6. Some reactor plugging has again been experienced through-
out these runs; the lower reactor wall temperatures tend to give rise to some-
what more frequent plugging, which is discussed later. Particle size ranged
from 769 & to 944 X; particle size distribution again is quite different from

Gaussian.

Group 6 Runs show some relationship between higher flow turbulence and larger
particle size. Also, a pronounced effect of reactor wall temperature is dis-
played in this group of runs; lower wall temperatures give larger particles, and
the absolute size is extremely sensitive to the zoning of wall temperatures.
Again, all runs in this group were plagued with plugging, and Run 6-5 had the
mildest plugging of the reactor and had one of the highest average wall tempera-
tures. A modest trend for larger particle size when using smaller-diameter feed
nozzles is evident from the results; this had not been clearly seen in Group 1
or 2 Runs since the effect had likely been masked by the higher temperatures
used. Particle sizes in Group 6 ranged from 806 & to 1288 &, and the distri-

bution was again quite different from normal Gaussian shapes.
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B. Recycle Mode

The Group 7 Runs were all conducted with essentially no plugging during the
runs; this is directly related to the higher Ta and reactor wall temperatures
used for these runs, and is comparable to the experience in the Group 1 and 2
Runs. Particle feedrates were easily controllable during Runs 7-P to 7-6, but
became erratic and considerably below design during the four consecutive recycle
runs 7-7 to 7-10, The reason for this is unknown, but may be due to wear of the

feeder or gradual plugging of the flush nitrogen lines that carried the powder.

A very surprising result is that recycle not only gave no particle size
increase, but the particle sizes from the runs appears identical to those from
Groups 1 and 2 Runs made at very similar conditions. For example, Run 7-4 BGHS
showed 532 &, S = 110 &; the powder source for the run (and for all Runs 7-P
through 7-6) was Run 2-12, which shows 526 &, S = 104 X. This unequivocally
indicates that the reaction of diborane at the run temperature conditions is so
rapid that non-fusible solids were formed before the diborane and powder feed
streams began to mix. This was initially judged to be a disappointing result,
but it actually provides some unexpected information concerning the rate of
diborane decomposition, discussed further in Part "D" of this section. Since
none of the Group 7 photomicrographs showed any size increases by a visual
qualitative scan, no particle size measurement has been performed. The photo-

micrographs are included in the appendices for reference.
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C. Tables of Results

The results of particle size and deviation, diborane consumption, boron

produced, Ta’ and Reynolds number are attached to this chapter.
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TABLE 4

BZH6 X .7814
Ibs. BORON 1bs. ByHg MATERIAL (°F) AVERAGE (R)
RUN NUMBER  PRODUCED  CONSUMED BALANCE (%) Ta Dp* (R) DISTRIBUTION**
1-1 5.18 6.58 100.8 919 PRI 631 S-131
BGS 598 S-159
1-2 2.59 3.56 93.1 842 PRI 592 S-144
BGS 598 S-197
1-3 3.30 5.00 84.5 842 PRI 603 S-118
BGS 640 S-177
1-4 3.41 3.69 118.3 842 PRI 580 $-102
BGS 609 S-116
1-5 3.65 4.81 97.1 842 BGS 669 $-201
1-6 2.88 3.69 99.9 842 BGS 621 S-131
1-7 3.78 5.07 95.4 842 BGS 583 S-109
1-8 4.21 5.00 107.8 842 PRI 673 & 680 S-164 & 156
BGS 662 & 649 S-163 & 169
1-9 2.21 3.28 86.2 842 BGS 710 S-126
1-10 2.67 3.60 94.9 842 BGS 606 S-127
1-11 3.57 4.53 100.9 1083 BGS 569 S-104
2-1 1.88 2.06 116.8 842 BGS 629 S-98
PRI 623 5-109
2-2 2.64 3.38 100.0 842 BGS 641 S-129
2-3 3.64 4.66 100.0 842 BGS 624 $-133
2-4 5.04 6.13 105.2 842 BGS 598 S-105
2-5 3.58 4.75 96.5 842 BGS 637 S-99
PRI 689 S-146
2-6 3.70 5.00 94.8 842 BGS 603 S-109
* BGS = Baghouse Sample,

PRI = Primary Separator Sample

** Standard Deviation of
the sampled population
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TABLE 4 (Continued)

1bs. BORON 1bs. BZHG MATERIAL  (°F) AVERAGE (R)
RUN NUMBER  PRODUCED  CONSUMED  BALANCE (%) Ta Dp* (R) DISTRIBUTION

2-7 2.19 2.87 97.7 842 BGS 638 $-132
2-8 3.83 4.75 103.2 842 BGS 579 S-129
2-9 3.70 4.87 97.2 842 BGS 546 S-100
PRI 573 S- 90

2-10 2.53 3.31 97.8 842 BGS 514 S- 88
2-11 3.22 4.06 101.5 842 BGS 548 S-128
2-12 3.93 5.12 98.2 842 BGS 526 S-104
PRI 544 S-104

(COMPOSITE) BGS 616 S- 91
3-1 3.65 4.62 101.1 770 BGS 552 S$=101
3-2 3.62 4.43 104.6 670 BGS 518 S$=108
3-3 2.50 3.32 96.4 570 BGS 610 S=109
PRI 493 S= 75

3-4 3.63 4.82 96.3 570 BGS 537 S= 97
3-5 3.72 4.69 101.4 582 BGS 558 S$=120
PRI 644 S$=129

3-6 3.7 4.50 110.1 570 BGS 912 $=388
3-7 3.03 3.84 101.0 1219 BGS %47 S= 99
PRI 549 $=105

3-8 3.55 4.50 101.0 1252 BGS 494 S=113
3-9 3.79 4.68 103.5 970 BGS 504 S= 83
3-10 3.05 3.76 103.8 1070 BGS 589 S= 91
a-11 3.02 3.69 104.8 1170 BGS %542 S= 89
3-12 3.26 4.00 104.4 1219 BGS 558 S= 97
PRI 558 S= 88

4-1 2.44 3.06 102.0 554 BGS 754 $-353
4-2 3.02 4.00 96.6 582 BGS 743 S$-292
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TABLE 4 (Continued)

BZHG x .7814
1bs. BORON 1bs. ByHg  MATERIAL  (°F) AVERAGE (8)
RUN NUMBER PRODUCED CONSUMED  BALANCE (%) Ta Dp* (&) DISTRIBUTION

4-3 0.34 0.50 (87.0) 582 BGS 1062 S-518
4-4 3.06 4.00 97.9 582 BGS 1475 S$-576
PRI 1268 S-677

5-1 1.12 1.13 (126.8) 580 BGS 769 S-417
5-2 3.43 4.62 95.0 580 BGS 916 S$-354
PRI 757 $-392

5-3 3.00 3.87 99.2 580 BGS 884 S$-397
5-4 2.23 2.69 106.1 580 BGS 853 S-474
5-5 2.75 3.31 106.3 530 BGS 944 S-441
5-6 3.11 4.07 97.8 480 BGS 786 S-324
PRI 821 S$-520

6-1 1.45 2.00 92.8 580 BGHS 1288 S-522
6-2 2.67 3.43 99.6 580 BGHS 933 S$-480
6-3 1.54 1.75 112.6 580 BGHS 963 S$-546
PRI 740 $-409

6-4 0.74 1.00 (95.3) 580 BGHS 922 $-349
6-5 3.08 3.75 104.9 580 BGHS 846 S-360
PRI 810 $-389

6-6 2.89 3.56 103.7 580 BGHS 1120 S$-478
6-7 1.90 2.63 92.6 580 BGHS 1185 S$-629
6-8 2.88 3.37 109.5 580 BGHS 806 S$-296
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TABLE 4 (Continued)

ACTUAL BORON

B,Hg X .7814 PARTICLE
RUN Tbs. BORON 1bs. B,Hg  MATERIAL*  (°F)  FEEDRATE
NUMBER  DATE PRODUCED  CONSUMED  BALANCE (%) T, (g/hr)
’ 7-p 11-10-87 2.93 3.69 101.6 842 12.9
7.1 11-11-87 3.70 4.56 103.8 842 12.9
) 7-2 11-12-87 2.87 3.56 103.2 842 12.9
7.3 11-13-87 3.50 4.25 105.4 842 25.8
7-4  11-16-87 3.57 4.57 100.0 842 32.2
75 11-17-87 3.52 4.44 101.5 842 25.8
7-6  11-18-87 3.31 4.07 104.1 842 12.9
RECYCLE
-7 11-19-87 3.51 4.63 97.0 842 3.3
7-8 11-20-87 3.34 4.56 93.7 842 3.3
7.9 11-23-87 3.87 4.62 107.2 842 7.3
7-10  11-24-87 3.57 4.56 100.2 842 4.7

* Boron particle feed not deducted from
"1b. boron produced" column
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TABLE 4 (Continued)

RUN NUMBER FEED NOZZLE NRe REACTOR STREAM NRe
1-1 15,980 1,582
1-2 7,679 1,705
1-3 24,282 1,826
1-4 16,118 1,705
1-5 50,969 1,826
1-6 5,196 1,705
1-7 16,430 1,826
1-8 9,489 1,826
1-9 3,001 1,705
1-10 31,036 1,705
1-11 33,552 1,483
2-1 973 1,575
2-2 2,620 1,651
2-3 5,222 1,745
2-4 7,833 1,840
2-5 10,444 1,934
2-6 13,055 2,127
2-7 7,335 1,582
2-8 19,822 1,690
2-9 29,776 1,757
2-10 39,643 1,822
2-11 49,598 1,890
2-12 58,941 1,951
3-1 (No Further Calculation) 1,799
3-2 1,859
3-3 1,992
3-4 1,992
3-5 1,895
3-6 1,992
3-7 1,690
3-8 1,619
3-9 1,593
3-10 1,549
3-11 1,468
3-12 1,690
4-1 1,992
4-2 1,895
4-3 1,895
4-4 1,895
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TABLE 4 (Concluded)

RUN NUMBER FEED NOZZLE Npg

O\O\O\O\?\O\O\O\

|
NN D W

(7-P through 7-10 not calculated)
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REACTOR STREAM Np,

1,593
1,299
1,013
841
841
841

2,735
2,771
3,132

895
1,018
1,895
1,895
1,895




D. Discussion of Particle Size and Trends

Taken as a whole, the results of the various runs have provided some very
unexpected information which nonetheless appears consistent and credible. Some
variables expected to have a large influence on particle size, namely feedrate,
feed concentration, and nozzle diameter, in fact exert l1ittle desirable control
over size. The reactor wall temperature, on the other hand, is a very powerful
variable which overshadows all others when high wall temperatures are used. The
adiabatic combustion temperature, even at levels below those believed possible,
has only a mild effect on particle size even when reactor wall temperatures are
rather low. The heater nitrogen flowrate and related turbulence has an effect
that would seem reasonable, across a Reynolds number range of 840 to 3100 which
encompasses transition and fully turbulent flow conditions (the reactor flow
stream is probably so disturbed by reaction that true laminar flow is not likely

to occur).

The independent variables that do have some effect on particle size are plotted
vs. mean particle diameter in Figures 10 through 13. Before those figures are
discussed, other -~elevant results from the experimental program are that no
breakdowns or mif1aps occurred during the experiments, which vindicates the Air
Force decision tou use the Callery process as the vehicle for the investigation.
Also, the overal® material balance for Groups 1 to 7 Runs is 100.35%, which
shows that excellent accountability has been developed and maintained for all

the material handling aspects of the program,




Now, reviewing the mean particle size as a function of certain independent
variables brings us to Figure 8. This shows the mean particle size for the
progression of runs in the program, and demonstrates that there has been a
learning curve associated with the experimentation. The bars are the bounds of
the + size distribution (even though use of the term "standard deviation" of the
distribution is not exactly correct, as explained in Section V.B.2.), and the
dots are the mean particle size. The figure clearly depicts that the Group 1
and 2 runs had no significant change in particle size, and that subsequent runs
were frequently successful in this respect. The most striking result here is
that runs having larger mean sizes always have wider distributions; this is more
clearly shown in Figure 9 as a plot of mean size vs. distribution. The trend of
increasing distribution with mean size is quite pronounced and consistent; this
has provided a major clue to the actual particle formation mechanism, as will be

explained shortly.

Figure 10 is a plot which is analogous to a standard kinetic plot. If mean
particle size (y-axis) were dominated by the diborane decomposition rate, the
size would be related to reaction temperature, x and Ta could be plotted as -1n
(r) vs. 1/T, and the slope of the plot would be negative (T, is used as reaction
temperature, as described earlier in Section III). The actual trend shown is
opposite to a kinetically-controlled trend {12], so there must be some other

variable involved. At this point, the results of the recycle study are useful:
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mixing of the particle recycle and diborane feed streams was accomplished in a
very short length in the feed jet region, yet the resulting particles were
identical in size and distribution to those obtained when feeding only diborane
under otherwise similar conditions. This is very significant because it means
that the diborane has already: decomposed to form a vapor, undergone homogeneous
nucleation to form particles, and those particles have solidified before any
contact occurred with the recycled particles. Therefore, the decomposition/
nucleation/solidification is extremely rapid; it is roughly estimated that this
has occurred within 5 to 7 nozzle diameters of length in the reaction zone
[11,13,14}, or in other words solid particles have formed within about 0.035 ft
(1 cm) from the end of the 13 gauge feed nozzle. Furthermore, since the
recycled particle stream is between the diborane feed jet and the surrounding
hot "heater nitrogen" stream, mixing with that hot nitrogen is not what causes

the decomposition.

The actual driving force for reaction is the radiant heat transfer from the hot
reactor wall. Looking at Figure 11, the obvious trend is increasing mean
particle size with decreasing average wall temperature, although it is further
required that Ta be sufficiently low. The conclusion drawn from this data is
that most of the particle growth occurs through collisions; high wall tempera-
tures and, to some extent, high T, temperatures, "cook" already-formed particles

s0 rapidly that collisions do not result in size growth.
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Wall temperatures have been demonstrated in ~uns 3-6, 4-3, 4-4, 5-5, 6-4, 6-6,
and 6-7 to have an overwhelming effect on resulting particle size; a top and
middle reactor heater temperature of 1100°F results in the largest particles,
1300°F gives medium sizes, and any temperature above about 1350-1400°F prevents
significant growth. Also demonstrated in those runs is that the final heater
zone must be above about 1500°F to fully dehydrogenate the final particles;
otherwise the overall decomposition is incomplete. Some approximate calcula-
tions of radiant heat flux show that at 1100°F the flux is 3662 Btu/Hr/ft of
length (total spectrum, and assuming black-body radiator), at 1300°F flux is
5934 and at 1500°F flux is 9126. As a comparison, nitrogen at 10.15 1b/hr and
750°F has 1729 Btu/hr total enthalpy, and the energy delivered at 750°F-Ta or a
A T of 168°F is only 442 Btu/hr. This, plus the fact that radiation is
efficiently absorbed only by diborane and solid particles, explains the extreme

sensitivity of the particle size to reactor wall temperature.

An interesting offshoot of the explanation above is that the plugging phenomenon
is now believed to result from an imbalance between the rate of reaction and
thermophoretic forces. At high wall temperatures (ca. 1700°F), the reaction is
driven rapidly and considerable hydrogen evolution occurs in a very smail volume
of reaction, creating a rapid expansion - and therefore velocity - of the
reaction products in all directions. However, the high heat flux from the hot
reactor wall provides considerable thermal force in the direction away from the
wall and prevents particles from actually impinging on the wall. At lower wall
temperatures (ca. 1100°F) the reaction occurs more slowly although it is still
rapid, but the heat flux away from the wall is only 1/4 as much, thereby allowing
particles to impinge and stick to the wall. Of course, it is also possible that

particles always impinge on the wall and only at the lower-wall-temperatures are
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reaction particles liquid enough to stick to the wall. However, Runs 6-1
through 6-4 had considerable changes in heater nitrogen flow velocities but the
plugging was always observed to be between 1 inch and 2 inch down from the end
of the feed nozzle; the top reactor wall heater was at 1100°F for all these
runs. Regardless of the cause, since lower wall temperatures are desirable for
control of particle size, the best solution to plugging would be to use a larger
reactor diameter. This would have two beneficial effects: the wall would be
farther from the source of particles that cause plugging, and the heated surface
area per unit of reactor volume would decrease. The suggested rule of thumb
would be to double the reactor diameter when reducing top wall temperature from
1700°F to 1100°F, at constant diborane feedrate. This doubling of the existing
diameter should effectively prevent plugging at feedrates up to about 8 1b/hr of

diborane.

Returning to particle growth, even though lower wall temperatures allow colli-
siors to result in growth (by delaying solidification of particles), there must
still be particles being formed someplace that then undergo these collisions.
Referring to the histograms of size distribution in the Appendix, it can be seen
that the runs giving larger mean particle size still always have a significant
percentage of sizes in the 300 & to 500 & range; this the source of the larger
"standard deviation" in Figures 8 and 9 and reinforces the conclusion that the
larger particles are formed by collisions among the population of 300 to 500 A
particles, rather than large particles being formed directly from nucleation or
by vapor deposition onto small particles. The constant presence of the 300 &
to 500 & size range, regardless of the major variations made in feedrate and
feed jet mixing rate, means that the numuer of nuclei formed by homugeneous

nucleation is changing with diborane feedrate, which in turn requires that the




nucleation rate J change with feedrate, which finally means that either the
critical supersaturation, Sc’ and/or the nucleation temperature (essentially,
the condensing species' vapor pressure) is changing [4,5] with feedrate. It is
probable that the nucleation temperature is what changes, because the decomposi-
tion reaction is exothermic and the flush N, stream adds low-enthalpy mass
around the reaction zone. Since feed jet mixing now is known to have little
effect on nucleation, and since runs made at constant T, and varying feedrate
all show similar populations of 300-500 A particles, it is concluded that the Ta
value is not the important temperature affecting the nucleation rate. This is

why Ta variations showed only a mild influence on particle size.

To be strictly correct when discussing the homogeneous nucleation, it is impos-
sible to determine from the data whether the "plane" of nucleation changes with
feedrate and nucleation rate is constant, or whether nucleation rate changes and
the volume in which it occurs is constant. It is believed, through the above
explanation, that nucleation rate changes, but in either case the end result on
the macroscopic scale is production of relatively constant-size particles which
then may or may not experience growth via collisions. This "self-leveling"
feature is quite handy for a production process, since particle size control is
now reduced to controlling the collisions between "Base" particles. The
particle formation mechanism should be viewed as consisting of primary,
secondary, and tertiary particles: primary particles are formed directly from
the vapor by homogeneous nucleation and are more or less constant in size at
roughly 20 & as described in Section II; secondary particles are formed
extremely rapidly via collisions of about 6,000 to 10,000 primary particles in a
distance controlled by the mean free path of the averaged size of particles (for

20 A —> 400 & particles this distance is very roughly 10 to 100 x 10'6 meter)
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[15]; then tertiary particles are formed via energetic collisions of secondary
particles up to a size limited by the availability of fluid secondary and

tertiary particles.

Since collision is seen to be the most important growth mechanism, a review of
the results of changes in bulk flow turbulence must be made. Figure 12 shows
the relationship of mean particle size with turbulence in the reactor, at
various levels of Ta. No clear trend is visible from this plot; it is already
known that reactor wall temperature is quite important for obtaining larger
particle sizes, so Figure 13 has been assembled from the best constant con-
ditions of Ta and reactor wall temperature. It can be seen that mean particle
size increases substantially with higher turbulence up to about NRe = 2,000.
This is consistent with the expected trend. However, Runs 6-1 to 6-3 show a
drop in size with further turbulence increases, and the question immediately
arises: why would particle size decrease? Higher turbulence intensity should
yield continued size growth, or at the very least, the curve should flatten out
at higher turbulence if only a threshold of momentum were required for collisions
to result in fusion. Part of the answer is that Runs 4-4, 6-1, 6-2, and 6-3 had
respective diborane feedrates of 1.68, 3.0, 4.0, and 5.0 1b/hr. Looking at the
histograms for those runs reveals that the "Base" secondary particles - the
smallest-size fraction on the histogram - are respectively 500 &, 460 &, 400 &,
and 300 &. Therefore, for an equal number of collisions due to the identical
scale of turbulence in these four runs (ignoring the differing "Base" particle
populations due to different feedrates), one would reasonably expect smaller
tertiary particles to result. If Run 6-3 had "Base" secondary particles of 500 &

as did Run 4-4, equal collisions would have produced about 1600 X final particle
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size, which would plot well on Figure 13 and would show the D_. vs. NRe trend

P
flattening out with increasing turbulence. Of course, the next question is why
would the feedrate increase produce smaller secondary particles? Homogeneous
nucleation theory [4,5] proposes the concept of a critical nucleus radius, which
in our work is the so-called primary particle. The size of this nucleus is
related to the nucleation temperature and decreases with higher temperature.
Previously in this section, it had been suspected that the nucleation rate has

been changing with diborane feedrate, and the results of Runs 6-1 to 6-3 appear

to be another manifestation of this phenomenon.

The significant results of the work have been discussed, and as a concluding
effort the hypothesized mechanism of particle formation needs to be reviewed in

1ight of these results.

Part 1 - Thermal decomposition of the boron hydride, at a kinetic rate limited
by rate of heat transfer: this event was found to be controlled in
this study by the radiant heat transfer from the hot reactor wall, and
by the heat of reaction of the specific boron aydride. It is totally
intertwined with Part 2 of the original hypothesized mechanism.
Efforts to modify the reaction rate and the resulting supersaturation
have been essentially unsuccessful due to the extremely fast course of
the reaction. Major variations of borane feedrate have a negligible

effect on the reaction rate.

Part 2 - Nucleation and condensation of an intermediate species supersaturated
vapor into a glassy or tarry fluid particle, at a temperature near
Ta: the nucleation has been found to be so rapid that opportunities
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Part 3 -

Part 4 -

for control of it are nonexistent. Particles produced by nucleation
are on the order of a few tens of angstroms, and this size is slightly
affected by borane feedrate. Feedrate increases appear to increase

the nucleation rate; Ta is not a factor in Parts 1 or 2.

Continuing thermal decomposition of the particle while undergoing
growth via collision and/or deposition: Growth immediately after
nucleation may occur by deposition and does occur by collision, to
form secondary particles. Vapor species are more or less completely
depleted during formation of primary and secondary particles; tertiary
particles are formed by collision only, under suitable radiant and

convective heat conditions.

Escape from the "Reaction Zone" after being fully dehydrogenated: The
original reaction zone concept considered only the turbulent feed

jet. In actuality, only a very small portion of this feed jet is the
true reaction zone; the remainder of it and the remaining reactor
length only provide space for collisions to occur. Also, full
dehydrogenation is a kinetic process requiring sufficient time and
temperature; the reaction should be first-order, but higher solids
loadings in the bulk flow and/or larger particle diameters would
1ikely introduce homogeneity and thermal conduction requirements that

may change the apparent kinetic rate towards zero-order.
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The revised hypothesized mechanism of particle formation is therefore written

as:

(1) Primary particle formation resulting from homogeneous nucleation of a
supersaturated BXHy vapor. The vapor is produced by first-order
irreversible thermal decomposition of boron hydride, driven primarily by
absorption of thermal radiation. Particle size decreases and particle

population increases with increasing boron hydride feedrate.

(2) Very rapid secondary particle formation resulting from multiple mean-free
path collisions of primary particles and from remaining vapor condensing on
primary particles. Particle size growth may be quenched by high tempera-

tures of the radiation source or of the surrounding inert gas (Ta)'

(3) Tertiary particle formation resulting from muitiple collisions of secondary
particles due to turbulence of the bulk reactor flow. Particle size growth
may be quenched by high temperatures of the radiation source or of the bulk

inert gas flow (T,).

(4) Dehydrogenation of particles continues constantly at a rate affected by

time and temperature.
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E. Physical and Chemical Characterization

The boron particles produced by Callery were subjected to a variety of
analyses to determine their physical and chemical properties. A determination
of these properties is important for two reasons: first, provide Callery with
the necessary information on the effects of reaction conditions on particle size
and composition and second, the physical and chemical properties of the boron
particles are important in their overall performance in slurry fuels. Due to
the very large number of samples provided from the production runs, it was not
possible to perform a thorough analysis on each. Particle size analyses were
made on every sample since this was the key parameter in the program. The
particle size analysis consisted of both SEM and 1ight scattering techniques.
Detailed analyses were made on four selected samples. These samples were chosen
near the end of the program after the particle size information was available.
We decided to analyze the baghouse samples from runs 2-4, 2-12, 4-4, and 7-4.
Sample 2-4B was used as a reference material since it's size range was typical
of material produced commercially by Callery. Sample 2-12B is very similar to
2-4B and was used as the seed nuclei in the Group 7 recycle runs. Comparing the
analyses of this sample with those of 7-4B will allow us to determine the
effects of particle recycle on overall purity and composition. Sample 4-4B was

chosen since it had the largest average particle size.
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1. Physical Characterization

Particle Size

The SEM particle size information has already been discussed in
Section VI-D and will not be repeated here. However, we also subjected each
sample to a second particle sizing analysis by l1ight scattering. The boron/
ethanol slurries used fo prepare the SEM slides were also analyzed using light
scattering. The lower size 1imit of the instrument is 0.1 micron, and therefore
we were not able to measure the primary particles which are on the order of 0.05
to 0.15 micron. However, the light scattering data was able to provide compli-
mentary information about the aggregate and agglomerate sizes of particles

present in each sample.

A typical particle size distribution histogram is shown in Figure 14. The plot
shows the volume percent of particles within the various size ranges listed
along the x-axis. The size ranges listed on the fiqure are calculated in terms
of an equivalent spherical diameter. The 1ight scattering data were very con-
sistent from sample to sample. For all but a couple of the baghouse samples,
the particle distributions ranged between the lower size 1limit of 0.1 micron up
to about 4 microns. The instrument is measuring agglomerates and aggregates of
individual boron particles. These clusters of particles are strongly held
together since they are not broken-up by the ultrasonic dispersion process. The
SEM analysis, discussed in the previous section clearly shows the presence of
these aggregates and agglomerates of boron particles. The SEM analysis was
necessary to measure the diameters of the individual boron particles. Although

the diameters of the primary boron particles are smaller than the target goal of
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0.5 to 3 microns, the aggregate and agglomerate sizes are well within that
range. As long as these aggregates and agglomerates are stable under shear,
have a low surface area, and have sufficient purity, they may still be useful

for the intended fuel applications.

Surface Area/Porosity

Surface area and porosity measurements using automated nitrogen
adsorption techniques were made on 17 of the boron samples. This relatively
large number of analyses was made to provide an independent comparison between
calculated particle sizes from our SEM data and measured surface areas. This
procedure serves two purposes. First, we can obtain a measure of the validity

of our SEM sizing technique by comparing the measured surface areas with those

calculated from the sample particle size distribution. Second, we can determine

the extent of porosity of the particles from both the measured surface area and

the pore size distribution calculated by the nitrogen adsorption instrument.

The BET surface areas for the selected boron samples are listed in Table 5. The
surface areas range between 28 mz/g for sample 4-4B to 66 mz/g for sample 1-

11B. The reproducibility for duplicate samples of this type is estimated to be
about *5%. These are relatively low surface areas for sub-micron particles and
indicates that they are essentially solid spheres with very few pores. This is
further confirmed by calculated pore volumes for these samples which range from
0.4-0.8 cc/g. The pore volume distribution shows that most of the pores are

less than 4 nm in diameter. The micropore area is estimated to be about 10% of

the total surface area of the samples. These conclusions about the relative
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TABLE 5

B.E.T. Surface Areas for Boron Powders Samples

Average Particle Diameter B.E.T. SuEFace
Sample ID* Calculated by SEM (&) Area (m°/q)
1-1p 631 46.2
1-18 598 45.4
1-28 598 47.2
1-4pP 580 60.4
1-6B 621 39.7
1-8P 675 34.2
1-8B 656 36.9
1-118 569 66.3
2-1pP 629 49.3
2-48 623 37.6
2-58 637 37.8
2-78 638 49.4
2-98 546 37.2
2-12°p 544 30.8
2-128BG 526 31.1
4-48 1475 28.1
7-48 532 34.1

* - B - Baghouse Samples; P - Primary Samples
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non-porous nature of the boron particles are supported by the SEM photomicro-

graphs which show smooth, spherical surfaces (see Appendix B).

If we compare the measured surface areas with those calculated from the measured
particle size distributions by our SEM method, we find very good agreement.
Figure 15 is a plot of calculated surface area versus particle diameter for
hard, solid spheres with a density of 2.3 g/cc. For 75% of the samples, we find
that the measured surface areas fall into the range of those calculated from the
measured particle size distributions. This result indicates that our SEM sizing
method is valid for the majority of the samples tested. Also, this result
further supports the spherical, non-porous nature of the boron particles

produced in this program.

Density

The true density of the selected boron samples were measured for comparison
with Titerature values and most importantly, with each other. The densities are
listed in Table 6. Sampies 2-4B and 7-4B have densities of about 2 g/cc which
compare well with the literature value of 2.3 g/cc [16]. The 4-4B sample has a
significantly lower density of only 1.6 g/cc. This result suggests that there
are other components with a lower density than elemental boron present in the
4-4B sample. Some of the possible components could be unreacted B-H species,
boric acid, and boron oxides and nitrides. The presence of some of these
species has been confirmed and is discussed in the next section on the chemical

characterization of the samples.
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TABLE 6

Density of Boron Powder Samples

Sample ID Helium Density (g/cm3)
2-48 2.06
4-48 1.61
7-4B 1.93

2. Chemical Characterization

A thorough chemical characterization was made on the four selected samples

to determine both their bulk and surface compositions.

Boron Assay/Bulk Purity

The total boron content in the samples was determined by an ICP-AES
method. The results of these analyses are listed in Table 7. The measured
boron content in all the analyzed samples was greater than 96 wt%. We feel that
these samplies are representative of those produced in this program and should
accurately reflect the range of boron content within the other samples not
analyzed. As expected from previous analyses on other boron powders produced
commercially by Callery, the boron content is around 97-99 wt¥% for most of the
samples. Only the 4-4B sample has a significantly lower boron content-96.39 *
0.46 wt%. This coupled with the lower density of this sample further suggests
the presence of a significant amount (~2.5 wt¥%) of lower dersity impurities. To
determine what impurities are present, further analyses were made to determine

both metallic and non-metallic components.
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TABLE 7

Boron Content of Powder Samples by ICP-AES*

Boron Content Standard Deviation -lg¢
Sample ID (wt-%) (wt-%)=
2-48 97.62 0.37
2-128 98.83 0.46
4-4B 96.39 0.46
7-48 9¢.34 0.38

* - emission wavelength - 249.773 nm
+ - referenced to NBS boric acid standard reference material
+ - based on at least 15 determinations

Low-Level Impurities

The boron samples were also subjected to a semi-quantitative ICP-AES
analysis for 66 other elements and micro-elemental analysis for carbon, nitrogen,
oxygen, hydrogen, and sulfur. The results of the semi-quantitative ICP-AES
analyses are listed in Table 8. Only samples 2-4B, 4-4B, and 7-4B were analyzed
by this procedure. A total impurity level of about 500 ng/g or 0.05 wt.% was
found for these 66 elements. Boron, of course, is the major component and
scandium was used as the internal standard. Iron was by far the major metallic
impurity in all of the samples. Other significant impurities included chromium,
silicon, aluminium, and calcium. The iron and chromium are probably due to the
steel reactor tubes in which the boron is made. The silicon could come from the
glass sample bottles in which the samples were stored and shipped. These low
levels of metallic impurities were expected from previous experience at Callery.
Tne remaining 1-2 wt% of impurities is probably due to non-metallic, ubiguitous

elements such as carbon, nitrogen, hydrogen, and oxygen.

- 92 -




TABLE 8

Semi-Quantitative Multi-Elemental Analysis by ICP-AES

Concentration (.q/q)

Element 2-48 4-48 7-48
Mo <6.1 <6.1 <6.1
Cr 63 32 12
In 3.4 7.8 8.7
Bi <19 <19 <19
Cu 1.6 3.4 3.6
Ni 39 <g.0 <9.3
Ir <2.0 <2.0 <2.0
Fe 356 313 114
Ca 27 54 17
Al 71 61 23
Ba 4.1 <7.1 <1.0
Si 38 115 36
Mn 7.9 3.6 2.2
Na 13 <2.6 <3.2
Mg 5.9 5.4 3.0
Ti 2.2 1.4 1.6

Qualititative Scan, (not detected)*

Ag Hg Ge Eu Co
Th Yb Tb Ir Cs
v Se P Os Ru
Ga Re Dy Pr Au
Nb Er Sm Tq Li
Ae Pd Te Ce K
Be Gd Cd In Rb
Sn Sb Y Rh Lu
Tm W Pb Nd Pt
T1 Ho La Sr He

* - Signal Tevel at or below that of matrix solution; B - major component,
Sc - internal standard.
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Elemental Analysis

The boron powder samples were shown by ICP-AES to contain very low
levels (<0.05 wt¥) metallic impurities. We also analyzed these samples for
carbon, hydrogen, nitrogen, and sulfur since these elements are not easily
determined by emission analysis. The results of these elemental analyses are
listed in Table 9. Carbon and sulfur were below the instrument detection limits
for all 3 samples. Nitrogen and hydrogen were found at varying levels in the
samples. The hydrogen concentration in the 2-4B and 7-4B samples was about 0.5
wt¥ and was much higher, 2.2 wt%, in the 4-4B sample. This hydrogen is probably
in the form of incompletely reacted boron-hydrogen species in the particles.

The remaining material in the samples is expected to be adsorbed oxygen or
oxygen-containing compounds such as boric oxide or boric acid. We did nct

analyze these samples specifically for elemental oxygen.

The nitrogen levels are well below 1 wt¥% for the 2-4B and 4-4B samples. The 1.1
wt¥% nitrogen found in the 7-4B sample is not consistent with the other analyses,
particularly the boron assay which is >99 wt% boron. This discrepancy may be
the result of an instrumental error due to the non-specific method used to
determine the nitrogen concentration by the LECO instrument. Another problem
with these analyses is that the particular LECO instrument we used is no* the
best one for these very low concentrations. The instrument was desigred for the
analysis of hydrocarbons which contain much higher levels of carbon, hydrogen,
and nitrogen. The instruments made specifically for Tow level C, H, N analyses
were not available at the time of this work. Even though this data does not
provide us with more precise concentrations for carobn, hydrogen, nitrogen, and

sulfur, they do give us an upper limit for these elements in the boron samples.
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TABLE 9

Elemental Analysis (C, H, N, S) of Boron Powder Samples

Sample 1D wt% C wt% H wt¥% N wt% S

2-48 <0.4 0.35 0.55 <0.01
4-48 <0.4 2.15 0.30 <0.01
7-48 <0.4 0.60 1.1 <0.01

Infrared and X-ray Diffraction

The elemental analyses confirm that there is oxygen and hydrogen pres-
ent in the boron samples. However, the analysis does not provide any informa-
tion about the types of compounds present. Both infrared (IR) and X-ray dif-
fraction (XRD) can be used to detect the presence of boron compounds in the
samples. The IR spectra allow us to identify specific functional groups present
in the samples by their characteristic absorption frequencies. IR spectra of
both the 2-4B and 4-4B samples were obtained for comparison. These are shown in
Figures 16 and 17. The 4-4B spectrum has many strong absorption bands whereas
the 2-48 spectrum has only a few weakly absorbing bands. Some of the band
assignments have been made and are listed in Table 10 [17]. The IR clearly
shows the presence of B-0OH, B-H, and B-0 bonds present in the 4-4B sample.

These absorption features are consistant with the presence of boric acid and
some boron-hydrogen species. These bands are very weak or non-existent in the
2-48 spectrum. The IR data is therefore consistant with the elemental analysis
in which the 4-4B sample has a lower boron content and higher concentrations of
hydrogen and oxygen. There are also two absorption bands around 3440 and 1625
cm’l which indicate the presence of water on both samples. This is water that
has probably adsorbed to the powders while they were exposed to the atmosphere

during preparation for analysis.
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TABLE 10

Infrared Absorption Based Assignments for Boron Powder Samples

Characteristic
Absorption Erequency* Absorption Maximum 1
Bond Type (cm™%) for 4-4B Sample (cm™*)
B-OH 3200-3300 3250
(“OH) (Broad)
Boranes 2350-2640 2545
(vBH) (strong)
B-0 1335-1430 1407

(Vao)

* _ From reference [17]

XRD spectra were also obtained for samples 2-4B, 4-4B, and 7-4B and are shown in
Figures 18-20. From the positions of the peak maxima in the spectra, we can
identify any crystalline phases that may be present in the material. The 2-4B
and 7-4B XRD patterns are essentially identical with the maximum intensities
occurring at the same Bragg angles. This pattern indicates that there is some
short range ordering, but the material does not contain well-defined crystalline
boron [18]. Therefore, from the XRD analysis on these samples, it appears that
the boron particles are not truly amorphous, but they also do not contain 3-
dimensional crystallites. They are best described as having some short range
ordering. Both samples appear to contain very small amounts of crystalline 8203

with the 2-48 sample having the higher amount.
The pattern for the 4-4B sample appears to be a sum of the pattern similar to

those of the other two samples and a pattern exhibiting intense low angle

scattering. This low angle scattering could be indicative of another boron
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phase being present (such as a B-H species), but we currently do not have the
capability to rigorously interpret the diffuse scattering. Interestingly, no
evidence for B,03 was found in the spectrum. This appears to contradict the IR
data. However, since the XRD analysis identifies crystalline phases, amorphous

B,05 or H4B03 could be present and would not be observed in the XRD pattern.

X-Ray Photoelectron Analysis (XPS)

The chemical analyses described above measure the bulk composition of
the boron powders. The bulk boron content is important in determining the over-
all volumetric heating value of the boron in a fuel. Very high (>99 wt¥) purity
is required to obtain optimum heating values. However, the surface compostion,
which can be very different from that of the bulk, determines the kinetics of
the burning process. The presence of a glassy oxide coating on the particle
surface can delay the ignition of the boron and slow it's burning rate. There-
fore, the composition at the surface of the particles should be known to deter-

mine the suitability of the boron for use in solid fuel applications.

We used an XPS analysis to determine the chemical composition at the particle
surface [19,20]. Due to the surface sensitivity of the XPS process, we can
measure the elemental composition of the surface by analyzing the energy of the
ejected photoelectrons. In addition, shifts in the binding energies of the
photoelectrons provide information about the chemical environments of the
eleﬂgnts. This allows us to distinguish between elemental boron and boron

compounds such as oxides, hydrides, nitrides, etc.
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Qualitative survey scans on the boron samples detected only boron, oxygen,
carbon, and nitrogen. Hydrogen is not detectable by XPS. By scanning smaller
energy windows around the ls electron regions for each of the elements found, we
can measure the characteristic binding energies of the ejected electrons. The
boron 1ls region for sample 2-4B is shown in Figure 21. The XPS spectra for the
other samples were very similar. Shifts towards higher binding energies indicate
that an element is in a higher oxidation state. The measured binding energies
and the atomic percents of each element are listed in Table 11. The low concen-
trations of carbon and nitrogen are expected and these ubiquitous elements are

seen on most samples unless they have been very carefully cleaned before analysis.

Looking at the boron 1s binding energies, we find there are actually two con-
voluted peaks present around 187-188 eV for all 3 samp:es. The lower binding
energy peak is attributable to elemental boron and the higher energy peak is due
to an "oxidized" species, but not 8203. The boron corresponding to the higher
binding energy peak may be due to boron-hydrogen species or could be a result of
chemisorbed oxygen which is tightly bound to the particle surface but is not in
the form of an oxide. Boron(III) in boric oxide or boric acid has a binding
energy around 193 eV which is not observed [21]. The oxygen concentrations vary
between 3.2 atom¥ for the 4-4B sample to 5.0 atom% for the 2-4B sample. The
majority of the oxygen present on these samples, particularly the 2-4B and 7-48
samples may be from exposure to the atmosphere since no effort was made to
exclude air once the sample bottles were opened for analysis. The total boron
concentration at the particle surface is over 90 atom% for all 3 samples. The B
1s binding energies are slightly higher for the 4-4B sample than the other two.
This shift would be consistent with more B-H character present in this sample.

However, this evidence is far from conclusive.
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TABLE 11

XPS Data for Boron Powder Samples

Sample 2-4B Sample 4-48B Sample 7-4B
Photoelectron Binding Binding Binding
Core Level Energy Atomic Energy Atomic Energy Atomic
(eV) % (eV) % (ev) %
B 1ls 178.10 78.54 188.26 80.81 187.32 71.57
B 1ls 188.57 13.42 189.67 13.76 188.59 22.88
C1s 281.75 0.18 - - - -
C1s 283.72 1.33 283.98 1.21 283.89 1.01
Cls 285.65 0.99 286.69 0.72 286.03 0.46
N 1s 398.99 0.19 399.12 0.06 399.39 0.49
N 1s 401.33 0.35 402.32 0.24 401.98 0.98
0 1s 531.94 4.65 532.41 2.66 532.30 3.48
0 1s 534.20 0.36 534.22 0.54 - -

* - Binding energies are as recorded on the instrument. An electron floodgun
was used to minimize or eliminate sample charging.

An important point to re-emphasize is that XPS is looking primarily at the
surface of the boron particles. The composition of the surface can be very
different from that of the bulk. As a result, discrepances between the composi-
tions calculated from each technique are not surprising and do not necessarily
contradict one another. Although the boron content of the surface is somewhat
lower than that in the bulk (compare Tables 7 and 11), no boric oxide was

detected on the surfaces of the sampled particles.

The results of the analyses for samples 2-4B, 4-4B, and 7-4B are summarized in

Table 12.
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TABLE 12

Summary of Analytical Results on Boron Powder Samples

Analysis 2-48 4-48 7-48

Boron (wt %) 97.62 96.39 99.34
Other Metals (wt %) <0.06 <0.06 <0.04
Carbon (wt %) <0.4 <0.4 <0.4
Hydrogen (wt %) 0.35 2.15 0.60
Nitrogen (wt %) 0.55 0.30 1.10
Sulfur (wt %) <0.01 <0.01 <0.01

Total Composition (wt %)

Surface Area (ml/g) 37.7 28.1 34.1

Pore Volume (cc/g) 0.066 0.040 0.067

Density (g/cc) 2.063 1.610 1.927
Mean Particle Size (2) 522 1128 532
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VII.

A.

CONCLUSIONS

Summary

The boron particle size at high reactor wall temperatures is

proportional to (Diborane Feedrate)1/3.

Significant particle size enlargement in this type of process can
only be obtained through conditions of moderate reactor wall
temperature (< 1100°F), moderate adiabatic combustior temperature

(< 600°F), and sufficient bulk flow turbulence (NRe >~2000).

From our results, no particular 1imit to maximum particle size
appears to exist for sizes up to roughly 1 u, if the process is
operated at optimum conditions and reactor length is sufficient.
The rate of particle size increase will drop off as [particle
population/volume] decreases, due to decreased probability of

collision.

Complete dehydrogenation of the particles can only be achieved by
exposing them to radiant heat at temperatures above 1500-1600°F

for at least 0.1 second.

The hypothesized mechanism of particle formation is substantially
correct, after certain modifications. However, opportunity for
significant control of particle size is possible only in Part 3,

and only by collisions of particles.
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9.

10.

11.

The plugging tendency can be reduced or eliminated by an increase
of reactor diameter to a 3 inch I.P.S. schedule 40 size. This
size should be capable of handling up to about 8 1b/hr diborane

feedrate without significant plugging.

Feed nozzles should be kept at as small a diameter as practical,

within available feed pressure drop constraints.

Particle recycle is not effective for size enlargement in the
manner utilized. Recycle particles would need to be mixed with

the diborane feed stream for growth to be achieved.

Any scaling of the reactor should be done using constant Reynolds

number, constant diameter, and constant temperatures.

Reactor length required, at otherwise optimum conditions, to form
larger particles would be proportional to L(DDZ/Dpl)3 where Dp1

is approximately 0.2 yw and L = 39 inch. Due to the extreme length
required to form large particles, particle recycle is considered

to be the most viable method for producing large particles.

Larger particle sizes are likely to maintain the wide size
distribution already observed, which is characteristic of the
statistical nature of the collisions that produce the size

increase.
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12.

13.

14.

15.

The boron particles with average diameters between 500 and 700 A
have very high purities, containing greater than 98 wt% boron.
Total metallic impurities are less than 0.05 wt% and the major
contaminant is oxygen. This oxygen is confined primarily to the
particle surfaces and appears to be chemisorbed rather than in
the form of an oxide. Futhermore, this oxygen is probably from
exposure of the particles to the atmosphere during sampling and
analysis. More rigorous exclusion of oxygen after production
should reduce the surface contamination to much lower levels.
Even with exposure to the atmosphere, the boron particle surfaces

are still greater than 90 atom % boron.

The larger particles (1000-1500 & average diameter) produced in
this program contain appreciable amounts of hydrogen. Infrared
data indicates that this hydrogen is in the form of B-H species
from incomplete decomposition of diborane. These particles are
relatively unstable and show evidence of oxide and hydroxide
formation with time after exposure to atmospheric oxygen and

water.

High boron purity, safe operation, and high system reliability

have all been demonstrated.

The particle sizing method developed during this program is

adequate for the intended purpose, and avoids some of the

drawbacks of indirect methods.
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Recommended Follow-On Work

A longer reactor should be operated to test the effectiveness of

further particle size enlargement via collision.

Operation at even lower Ta and reactor wall temperatures should
be conducted to determine if secondary particle growth can be

enhanced.

Particle recycle using a mixed borane/particle feed stream in
appropriate equipment has a high probability of success, and

should be investigated.

Application of the methods for enlarging particle size found
useful in this work may have utility for production of other
high-purity powders such as Ti or GaAs, and should be

investigated.

Study of the boron particle fine structure (to 10 - 20 &) could

be quite revealing.
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C. Economic Projection

Task 1.4 of the original scope of work, "Scale-up Demonstration", had been
eliminated and replaced with the recycle effort. For this reason, and the fact
that the present system has been operated in a research mode (short run times,
etc.), an economic projection based on current costs would be of limited

reliability.
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APPENDIX A

HISTOGRAMS AND STATISTICAL ANALYSES
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DESCRIPFTIUVE STATISTICS

VARIARILE: FARTICLE SIZE SAMFLE SIZE (N) = 51

SAMFLE STATISTICS:

MEAN =  3.768B63 RANGE = 6.3
VARIANCE = 3.04883 MINIMUM = 2
STD. DEV. = 1.74609 MAXIMUM = 8.3

UNETASED ESTIMATES OF FOFULATION FARAMETERS:

i

VARIANCE = 3.10981 STD. DEV. 1.76344%

DATA DISTRIEBUTION COEFFICIENTS?

-.147304

SKEWNESS = 1.02673 KURTOSIS

4-1 BGHS
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FREQUENCY

14

10

I

b b b 4 b R e 4+

+X KA KK
Ixxxux
Ixaxxx
Ixxxxx
Ixaxxx
Ixxxzs
+XEAAX
IXxXX®
Ixvx2x
Ixxxxw>
Irxxxx
Ixsxxx
+XAAAX
IxxxNx
Ixxx1x
Ixxxxx
IxxXxXx¥
Ixxxxx
+X ALK XX

KEAXKKS
AARLX
1 $ 2. 884
XA X X
XX AKX
XAKAX X
XXLXX
XXX K
XOK KX
XN AKX
AKX
XK X
HAXKN
XXX A
WX AXA
X XXX
KX AKK K
XK AKAA
FEALK
XKALKXX
XXX XX
XXX XX
XAXXX
XAXXE
X XsK
XHKALX
XXEXKN
KEAXAN
¥ XX XK
XXX XX
FHXXKAK
AXXXX
XAX XX
KXXAX
XXX XX
XLX XX
AKX

F AR

HIS

XXASKE
XX AXX
XXXKAKXK
X¥XX¥
XX XXX
XX XXX
XXX LX
XEXXX
AFXXXX
AXXAX

TOG

HERXS
XXXAE
WX N XX
AR KR
KAKXE
XXX XX
XXX X
XXX XX
XXXEX
XXXXX
XX X¥X
XXX XX
XXXXX
XXXXX¥
XK XK

TICLE

4-2 BAGHOUSE

R AM

XXX XX
KXW XK
XXX¥X
XXX
WK XXX
XXX XX
XXXXX
XXX ¥ X
XXX XX
XXX XX
XXX XX
XXAXX
XXKXXX
XXXXX
XXX XX
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XXKXEX
XX AXY
XXXX¥
XXX XK
XXX XX
XXXX¥
XXXX¥
XXXX¥
XX XXX
XX XXX
XXXX¥
XX XXX

XXXXX
XX XXX
WXAX KN

FERCENT

o]

+ 3
I
I
I
I
I
I
I
I
+
I
I
I
I
I
I
I
I
+ 1
I
I
I
I
I
I
I
I
+
I
I
I
I
I
I
I
I
+

~
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=
Joe
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DESCRIPTIUVE STATISTICS

VARIAELE: FARTICLE SIZE SAMFLE SIZE (N) = 61

SAMFLE STATISTICS:?

MEAN = 3.71312 RANGE = 6.3
VARIANCE = 2.0942%5 MINIMUM = 1.7
STD. DEV., = 1.4471%5 MAXIMUM = 8

UNEIASED ESTIMATES OF POFULATION FARAMETERS?

VARIANCE = 2.,12915 STD. DEV, = 1.45916
DATA DISTRIBUTION COEFFICIENTS:
SKEWNESS = .7524834 KURTOSIS = -,25228

4-2 BGHS
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s
N
ot}

t

-
A

e

N

A KA K
Tond xR
Ix£€xHk
TAXKKK
ITXaALXX
TAKAXS
+3 AKX EKE
IVES & ¥
IXxx &
IR ST
IR EV Y
TH KAy
FRXKKK
FERERE
IxEXXN
Txx
Ix ks
ITxxkxx
+HKEE N
Ixx*xxax%
Ixxxx2
Txrxxxx
TEXLXNK
TAALCE
+ A KE A
TXAXKLS
Ik
ToAx4X
TxExaX
Ixax A
LAKEXR
Trrvyex
Tasxxxs
Twxs s
TEAEAN
S EST
FXLXAX

n

P R

SR S 4
LD & & Y
AKX XX
LI W
FEPHA
LS & & 4
XEXXA
XEXEN

WAKKEX
XLEKXXX
KAXEE
KEAXLR
XEKALXN
KEXXKLX
HAALAN
XKAKLY
XKLLX
KEXKE
KEFEX
KEAXX
FHXAXA
¥EX+N
XAXEX
XX KKK
AX¥AX

3.0

ANAAXK
XXX A
X XXKNXKR
XEXLX
XKX¥EX
XKXXH X
XEXEXE
KAXKFE
KEAXXX
XEXXAX
KAXXLXK
KEKXAY
HAXKN
L I 4
KKERX
LD A
A ARKRGF
XKresx
XXXKX
KEAXXHN

604

AAAEX
NEX XX
KAXFYX
WAKXEX
KKK XA
R & A

KAXENE XAXXEX
KAXKEX XAXXK
HAXEXE XLKEXX

7.8 Y.t

4-3 BGHS
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KEKEXNX
WXEXKX
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XAKEX
HAXNX
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DESCRIPTIUVE STATIGSTICS

VARIAEBLE: FARTICLE SIZE SAMFLE SIZE (Ny» = 53

SAMFLE STATISTICS:

MEAN = 5.,30862 RANGE = 11
VARIANCE = 6.59217 MINIMUM = 2.3
STD. DEV. = 2,56752 MAXIMUM = 13.3

UNETASED ESTIMATES OF FOFULATION FARAMETERS?

VARIANCE = 6.70782 STD. DEV,

it

2.58995

DATA DISTRIEUTION COEFFICIENTS:

SKEWNESS = ,881454 KURTOSIS

« 368849

4-3 BGHS
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FREGQUENCY

11

10

-

I

S SR W W

Ixxxx
Taexxx
Ixxxxx
+ XXX
Texxxx
Txxxxx
Ixxxxx
Ixxxxx
Ixxxx
+ XA LXK
Txxxxx
Ixxxxx
Ixxxax
Ixxxxx
Txaxax
+X KX XX
Ixxxxx
Ixxaxxx
ITxaxxx
Ixxxxx
Taxxxxx
+AAXAK
Ixaxxx
Ixxxxx
Ixxaxx
Ixxxax
Ixaxxx
+LLXAX

XAXXX
XXX XX
MWK X
XAXXX
AAXAX
XK X
XALXXK
AIHLXX
XALIX
XAX XX
AXXXK
XXX AX
XLX XK
AAX XX
XAXALX

F A

H IS

XXXXX
KK AKX
XXX X
EXX X
| 9. 8. 9 9 4
KXXXX
X AN XX
XXX ALX
HAXXX
XKAXXX
XAXXX
KALAX
XXX
HXLALX
AL
XAXKX
K AN KK
XXXXX
XAALX
XA AN A
x A XX

R TICLE

TGCG

XXANX
KKK K
XX AKX
KKK X
XXX
XXXAX
XXAAX
XK KX
WA X X
XK X
XXXXX
XK XK X
XXX
XXAXX
XXX
KK XX
XKAKLXX
XX
0K
AN KX
XX AKX
N KX
K KX
AKX A
XXX XX
XN KK
XX XX
OO KX
HAXKX
XX XX
AKX
HAXKX
XXX X
XAXKA
MK KX
A XXX
AXAX

XX XX
XXX XX
KK XK
XX ALXX
KAX XX
KAXXA
KAX X X
XK XX
KKK
XXAXX
XXX XX
MO N X
KAXXXX
XX XX
KAKXX
XA XX
AKX
KA AKX
KKK XK X
XXX XX
XXXAX
KA NXK
MK KX
XXX XX
XXX AX
XXX
XX XX
AKX
WK AKX
A AKX
XK XX
XXX
A XX
XXX XX

4-4 BGHS

XX KK
KKK XK
KKK
MOX A AKX
KONCX X
XK AKX
XXX
XX XXX
AKX X
XK AKX
K AKX
XXXXX
HKNOKOK X
KK XX
XK K XK
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KKK AKX
XXX
KK KX
KK KX
WX XX
MO XA
XK XX
XXX X

XAAXX
XXXXX
xXXxXXX
HOXX X X
KK XK
AKX
KK X
XAXXX
XXX XA

FERCENT
:- 22.9
I
I
I
I
I
I
I
I
+ 17.2
I
I
I
I
I
I
I
I
+ 11.9
I
I
I
I
I
I
I
I
+ 5.7
I
I
I
I
I
I
I
I
+ 0.0

14.0




DESCRIPTIVE STATISTICS

VARIAEBLE: FARTICLE SIZE SAMFLE SIZE (N)

SAMFLE STATISTICS:

MEAN = 7.37292 RANGE
VARIANCE = 8.13448 MINIMUM
§TD. DEV., = 2.8521 MAXIMUM

UNEIASED ESTIMATES OF FOFULATION FARAMETERS?

VARIANCE = 8.,30755 STD. DEV.

DATA DISTRIEUTION COEFFICIENTS?

SKEWNESS = 227467 KURTOSIS

4-4 BGHS
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= 483
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2.88228
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TREQUENCY

277
4

19

11

I

+ XX MK K
Ixxaxx
T XXX
IXxXXX
ITxxXXXX
Ixxxxx
+AXXX K
IxXAXX X
Ixxxxx
T XXX
I xxxxx
Ixaxxx
+XX AKX X
T
TIXAXXX
Ixxxxx
Ixxxxx
Ixxxxx
+XXLXX
IxxXKX
Ixxxxx
I XXk
IXXXXX
Ixxxxx
+ XX XX
Ixxkax
ITxxxxx
Ixxxxx
Txxxxx
Txxxxx
+ XN KA K
Txxxxx
Ixxxax
Txxxxx
Ixxxxx
Ixxxxx
+AAXXX

XXX XX
XXX
XX X XX
XX XXX
XK XX

XA XK A K
KA AN
KK A X
KK X X
XXX X
KX A X
X XXX
XXXXX
KAXXX
AXXXX

KK AKX
XK KX
XXAXX
XXX XX
XXKAXX
XK KK X
KKK
XK KX
KX K A
KKK X
XK XX X
KX AX
XXX XX
X XXX X
AXXAX
XXX XX
XX AKX
XXXXX
XXX XX
XXX XX
XXX XX

HEXXKX  KAKKX
MEXKAX XXXAX
WM XX MK XX
MEXKX X XXKXX
KEALX XXXXX
XA XX XXX XX
WXL WAXXX
EAXXX XXXXX
XEALXX XXXXX
EXXXXK XXXXX
XXX XEKXXX

FERCENT

o - R A HHHHE AN EAEE

—————— -t ——— - = = et G - ey S S Som e TS Sem Al M M A S e MM EEC M M g e Gl e S S e e S s
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E S I ZE
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HISTOGRAM

FREQUENCY FERCENT
I
29 +XXXXX
Ixxxxx
IxxxaAx
Ixxxxx
Ixxxxx
Ixxxxx
20 +xAXXX
Ixxxxx
IrxxAax
IXXXAE XXKKK
IXAXAX XXXXX
TxxxxX XXXXX
14  4+XAXXX XXXXX
TXXAEX XXX
TALAKEE XEXXX
IxXXAK HEXNK
IxxXXX XEKXX
Ixxxxx XxXx*X
+HEANALX XXXXN
IXXAAX XX XXX
IxAxXx Xxxxx
ITxxxxX XXXXX
IXXXEX XXXXX
IXXAXX XXX XK
8 +AXXAX XEXXXX
IXXNAE MMAXX XXXXX
IXXXAK XXX XXX
TXXXNE XXX XXX
IXAXAN XA KALXX XXX XX
IXAEAX XXX XXXXX XXXXX
4 FHLEXX XXX KEXAX XXX XX
IXAXAX XXAAX XXXXX KXXXX XK XXX XXNXX
IXXLXX XAXXX XXXXX XNEAX 1§89 8¢ X KK X X
IXXAEX XANLE XXXKX KXXEE XXXXXK XXXEE XXXXEX XXEXEXX
IXXLLX AMAEX AAXEE XEXAX MEXAE XEEXX MXKAEN XEXXX
IXXAAX EXXXE XLLEK XXXXE XKXXXX ZEXXXX XXXEX XXXXX
0 FAAXEE XEXXE MAXEX XXX MAXEX XXX XXXEX XXXXX

37.5

()

18.8

[

A S AR R R R

PARTICLE SIZE

5-1 BAGHOUSE
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DESCRIPTTIUVLE STATISTICS

VARIAELE! FARTICILE SIZE SAMFLE SIZEE (N) = 64

SAMFLE STATISTICS:

MEAN = 3.84488 RANGE = 8
VARIANCE = 4,285%31 MINIMUM = 1.8
STP. DEV., = 2,8701 MAXTIMUM = 9.8

UNEIASED ESTIMATES OF POFULATION FARAMETERS?

VARIANCE = 4.35333 STD. DEV.

2.034644

DATA DISTRIRBUTION COEFFICIENTS:

SKEWNESS = 1.38174 KURTOSIS 1.00122

5-1 BGHS
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HISTOGRAM

FREQUENCY FERCENT

I

18 +xxxxx
Ixxxxx
Ixxxxx
Ixxxxax
Ixxxxx
Ixxxxax

15 +xxxXxX
Ixaxxx
Ixxxxx
Ixxxxx
IXXXIX XXXXX
IxXXMX XXXXN

12 +XXXXX XXXXX
IxxXAX XXXXX
IXXXXX AKX N
Ixxxxx XXXXX
TXXNAX MAXXX
IXaXAX XXXAX

9 +XAXAX XK XXX
Ixxxxy XXxXXX
Ixx XK XXX XXX
IxXaXAX XXXXA XXXNX
TXXXAX XXXXX XAXXX XAXNX
TXXLLX XXXXX XAXXX XKAXK

. FAXXAX XXXEX HEXXKK XXXAXX
IXAXAY XXEXX XEXXXE XXX XX
TXXXAX XXXXX XXXXX ¥ XXXX
IxXXLX XXXEX XEXXX XXXXX
TaXXAX XAXAE XAXEX XXANL XXX XX
TAXLEAX XEXEK XXAXX XXXEE AN

3 ARAALE MEXXN XAXXA XXXENE XA XXX X
TN XXX XAAXX XXX XXX XXX XX
TAXXAE MAMENX AAAXX XEXXX XXKXX XXXXF XAXXX
IXAXXA XAXAX XAXXYE XEMXX XXEXX XXXXX XANXXX
IXXALL EEXLA XXAXXX XXXXXE XXAXX XAXXX XAXAX xxxxx I
IXAXAX XXXXX XXXXX EXXXFE MEXXX XAXXX XOXXXX xxxxx T

0 FAAXXX XFXXX XXX A XXX MEXEX XAXAE XXXXX xxxxx + D,0

32.1

16.1

HEHEHMHMEA+H AN AEA AR EREHEREHE

PARTICLE SIZE

5-2 BAGHOUSE




DESCRIUPTIUVE STATIGSTICS

VARIAELE: FARTICLE SIZE SAMFLE SIZE (N) = 36

SAMFLE STATISTICS:

MEAN = 4,58034 RANGE = 7.5
VARIANCE = 3.0744%5 MINIMUM = 2.5
STD. DEV. = 1.75341 MAXIMUM = 10

UNEIASED ESTIMATES OF POFULATION FARAMETERS?

1.74928

VARIANCE = 3.13035 STD. DEV.

DATA DISTRIBUTION COEFFICIENTS?

KURTOSIS 1249621

SKEWNESS

[}
.
0
[we
]
W
N
G

5-2 BGHS
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"REQUENCY

13

11

(&}

ot i -

Txxxxx
Ixxxuax
Ixxxxx
Ixxxxx
+AXXAX
Ixxxxx
Ixxxxx
Ixxxxax
Ixxxxx
Ixxxxax
+AXXXX
Ixxxxx
Ixxxxx
Ixxxxx
ITaxxxxx
Ixxzxxx
+AAXLX
Ixxxxx
Ixxxxx
Taxxxxx
Ixxxxx
Ixxxxx
+XLAXX
IxAx XX
Ixaxxx
Ixxxxx
Ixxxxx
Ixxxxx
+ARLXXX

XX XXX
KA XXX
WX AX X
KX XXX
AKX X
XXX X
XA XX
XXXXX
XXXXX
ANX XX
XXXXX
XXX XX
XXXXX
XXXXX
XXX X
3K AKX
MK KN X
XXX X
XXXXX
XXX X
XA
XXX XX
KKK X
XXX XX
XXX XX
XAXXX
XAXXX
XAXXX
XAXLXX
WX XK
AXXXX
K00 X X
XEXXX
XXXXX
XXX XX

XXXXX
XX XXX
XXX X
XX XX
XAX XX
XX XXX
WX XX
XX XAX
XAXXX
XXX
XXX XX
XXXKXX
XXXXX
XXXXX
XXXXX

XXXXX XXXXX
AXXXX XXXXX
XEXXX XAXXXX
MEZXX XXX XX
AXXXX XXXKLX
XXXXX XXXXX
AXXXX XAX XX

5-3 BGHS
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DESCRIPFTIUVLE STATISTICS

VARIAELE! FARTICLE SIZE SAMFLE SIZE (N) = 51

SAMFLE STATISTICS:

MEAN = 4.41961 RANGE = 7.5
VARIANCE = 3.86432 MINIMUM = 2
STD. DEV, = 1.96U79 MAXIMUM = 2.5

UNETASED ESTIMATES OF FOFULATION FARAMETERS:

1.98535

VARIANCE = 3.94161 STD. DEV,

DATA DISTRIEBUTION COEFFICIENTS:

SKEWRNESS = 1.1113 KURTOSIS = 296463

5-3 BGHS
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‘REQUENCY

18

iS5

I

+XXXAX
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
+AXLAX
IXXXXX
Txxxxx
Ixxxxx
Ixxxxx
Ixxxxx
+ XXX A X
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
40X XXX
Ixxxxx
Ixxxxx
I xxaxx
Ixxxxx
Txxxax
+XX AN
Ixxxxx
Ixxxxx
Txxxxx
Ixxxxx
Ixxxxx
+XAXAX
Ixxxxx
Ixxxax
Ixxxax
Ixxxxx
Ixsxxax
+ALAXX

XK XXX
XXX XX
AKX
XXX XX
XK X X
AXLXX
XXXXX
AKX X
XLXXX
XX
XX XXX
AALXXX
WA X XK
XAXXX
XXXXX
XX XXX
XAXAX
AKX
XAXALX
XXX XX
AAXXX
XXXAX
NEAXXA

F A

HI STOGRAM
FERCENT

I

+ 32.1

I

I

I

I

I

I

I

I

+ 24.1

I

I

I

I

I

I

I

I

+ 16.1

I
XXX I
KANXX I
MXAXX I
XX 1
KANEX AN T
XXX KKK I
NMOKNOEE 0K K I
AMANE XX KX + 8.0
XXX NN XK XXX K I
WO KK MO AKX XXX A I
HOKAX MOENOKEK KK MK XX NOK X I
NCEXKN  OKNK OO OKKKK OK XX I
WX ORXOKK MO XOXOKKNX XXX KX I
HOEXEX MNACKR AKA KON XXX I
MOENOE XK MOKNOKOK O XOKMCKK XK o T
WENN MOCEXKX MK MOKKOKK XXX ke T
NG MCKXNOK XOOCENOE XK XOXXXX XXXXX + 0.0
3.9 S.1 b.2 7.3 8.5 .6 10.8
RTICLE S I ZE

5-4 BGHS
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VARIAELE: FARTICLE SIZE

SAMFLE STATISTICS:

MEAN = 4,26607
VARIANCE = 5.50831
STDO DEU. = 2034(‘)98

SAMFLE

RANGE

MINIMUM

MAXIMUM

SIZEE (N)

UNETIASED ESTIMATES OF FOFULATION FARAMETERS?

VARIANCE = 5.60847

STD. DE

DATA DISTRIEBUTION COEFFICIENTS:

SKEWNESS = .97494

KURTOSI

5-4 BGHS
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V.

S

= 56

10.8

2.3682%2

1.51071E-03




‘REQUENCY FERCENT

WA O X
EHALX XXX X
WML ME XN K
NOK OO K
WK XK
MUK KX X
WK XN
MMM KK
WMANK AKX
WM 3K NK X
WK KX X
AN MXXXX
RN XXX
XN XK K
TN XXX MK
TXXAXK XAXKLK MXAXX
TR M XN M X
TXXXAX MXLAX XXX
7 XXX XK KN AN
TN O OKXOE X KX
TN XK O KN
TXXAMK XXX MRAAN MO KX
IR AR ALK MM K
IXXXAE XAXAX MK KHKXKX
OO MOKNOK KKK 0K
TXAAXK XA AL AKX
IXXXHK XAXXE XA AKX
TXXXXX ALK MAEAX MK X
TEXXHE XA AN XXX XXX KX
TXXAXE XXX KA NN XXX
FAAALN HAXKE XKL NAXXX AN AX
TAXXAX XA KAKAX XK AKX XX XA XXX XX
IXXEXE XA AKX AKX XX XAXEX
TXXEXL XXX MOELK KK MOKXKOOK KKK X XXXXX
TXXXXX NCEAXN KA KOO NOKMOKK KKK X X XAALLX
T XXX MK NOKOKKOK KOKMOK 0K XX KAXA X
0 FAMXEN XMCENOE MO MO KKK KK KX X XXNAX

—————— - —— - At e s W4 et P MR G TS W P R W S T D S AP MY e M R S A TS S e e S M S e S P M e e
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FARTICLE SITZE

5-5 BGHS
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PESCRIPFTIUVE STATIOGSTILECS

VARIARILE! FARTICLE SIZE SAMFLE SIZI (N) = 50

SAMFLE STATISTICS:

MEAN = 4,71887 RANGE = 10.5
VARTLARCE = 4.746794 MINIMUM = 1.7
STh. DEV, = 2,18356 MAXIMUM = 12.72

HNETASED ESTIMATES OF FOFULATION FARAMETERSS

VARTIANCE = 4.835963 STD. DEV. =

2.20446

DATA DISTRIEBUTION COEFFICIENTSS

SKEWNESS = 1.,349236 KURTOGIS

2.34636

{

5-5 BGHS
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‘REQUENCY

14

i0

[4]

I

+XXXN X
Ixxxxx
Ixxxxx
JTxxxxx
Ixxxxx
Ixxxxx
+XXLXX
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
+XXAXX
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
ITxxxxx
+XAXXX
Ixxxxx
ITxxxxx
Ixxxxx
Ixxxxx
Txxxxx
+XNXXARN
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
+XKX X
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
+XAXAX

XX XXX
XALXXX
XXAXX
XXXX
XXXXX
XAxxx
XXX XX
XAXAX
ALXXXK
AXXXX
XK X
XAXXX
XHAXXX
XKL XX
XXXXX
LXXXX
LTXAXXX
XXXXX
XAXXX
XA XXX
LAXXX
XAXXXX
XAXXX
AXXXX
XXXAX

KAX XX
NXXAXX
XXX XX
AKX
XXXXX
KAXX X
XXX XX
KXAXX
XAXXX
KAALXX
AKX
XXX XX

TO0G

WA XX
KK XK X
XXX X
WA X
KKK X
2 2 & &
K XXX
3K K X
2 2 8 &
2K XXX
3K XK X
WX KX
KK X
KK A
KX XX
KXKKX
KKK
KKK KX
XXX X
XKXXXX
XXXXX
KX XX
WK NOX
XXX
KKK X
AN KX
A AKX XK
XXX XX
XK XK
K KX
KAXKX
WK XX
KKK X
XXX AKX
KKK X
WK AKX
MK X

R aM

AKX X
AKX
KX KX
O XK
AKX KK X
KKK KX
KX
KKK X
XXXAKX
KX XX
XK XX
XK XX

XXX X
XX A XX
XXXXX
XXX X
XXXXX
XXX XX
AXAXN
2K KX X
KK X K
KK XK K
KKK X
AOK KX X
XK KX
KKK XK X
MK KX
KKK X
KK X
XX KK X

K KK XK
K KX X
MK XXX
KA XK

FERCENT

XXXXX
XAXXX
XAXXX
XXXXX
XXXXX
xXxXAX
XXAXY
XXX XX
XK AKX
KX X
KN K
KKK

2

1

i HEEHHAMEHH$ R AR e A

5-6 BGHS
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DESCRIPFTIUVE STATIGSTIOCS

VARIABLE:! FARTICLE SIZE SAMFLE SIZE (N) = 58

SAMFLE STATISTICS:?

MEAN = 3.93103 RANGE = b
VARIANCE = 2,57834 MINIMUM = 1.8
STD. DEV. = 1.60572 MAXIMUM = 7.8

UNETASED ESTIMATES OF FOFULATION FARAMETERS?

VARIANCE = 2.623%57 STD. DEV. = 1.61975
DATA DISTRIEBUTION COEFFICIENTS?
SKEWNESS = ,523307 KURTOSIS = —-.673673

) 5-6 BGHS




HISTOGRAM
“REOGUENLCY FERCENT

KK X K
XXX X
XK X
XK X N
2K XK KX
0K X
3 XK X
XXX XX
2K K K

Ixxxax X0 X X XK K K

Ixxxxx 3K X KX K KK XK

Ixxxxx 3 KK XK KK
) +ANAXX XK XXX XK XXX

Ixaxxx WA OO X XK KK

ITxxxxx MK XXX b S $ 8 &1

Ixxxxx WMMNK SO N X 2K X

Ixxxxx MK XXX KX 3K KK X

Ixxxxx XXX XXX XA X
4 AXAALE AXXXK XXLEKK XKEAE KA KAAXX

TXXXA MR RN NN A AAXEN NAAAX

ITXAXXE XAXME XXX XXMM MMAEN XXX

TXXXNK EXXEA XXX KA KX KA AKX

T XA XK KX A KX

TEXAXX XXAXA XMEXA XKL XML XK K
3 FACOCEAX NN AN RN MO KX N
TR XK MK NOEAXE O MO KK
IRACEX XXM NN MO XN XK
IXAX XX XXX MR RO KN XN AE XX
TAXAAX XXXXK RMAEX A AXAAE KAXEX XXX XK
TXXXAXE XXAAA MEEEX XLEAE KKKANL ALK XXX XK
FAALLE HAXAX AL AN XA XAKANX XXX XX
IXAXXE XXX AR XX NN XN AN XXX X
TXXAXNE MXXAA XX XA KA K MK A XEXAX
TXMAXE XXX AKX RN HORMKN MO K AN AX
IXAXE XXEXA XXX XN KON AN XA XXX X
JXAXXX XXEAE MAXEE MEXENE XMAXK AR XXX AXXKX
0 HOHORM XA W AKX MMM A KA XXX X

8 22.2

b b b g o

16.7

11.1

W
o

LA

AR S HHEHRE A S HHHE M AR

FARTICLE SIZE

6-1 BGHS
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DESCRIPFTIUVE STATISTICUCS

VARIARLE: FARTICLE STZE SAMFLE SIZE (N) = 364

SAMFLE STATISTICS?

MEAN = 6.,43889 RANGE = 10,2
VARIANCE = 6.62515 MINIMUM = 2.3
STh. DEV. = 2.57394 MAXIMUM = 12.5

UNETASED ESTIMATES OF FOFULATION FARAMETERS:!

VARIANCE = 64.81444 STD. DEV. 2.6104%

DATA DISTRIEBUTION COEFFICIENTSS

SKEWNESS = .217701 KURTOSIS -+ 687156

6-1 BGHS
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HISTOGRAM

'REQUENCY FPERCENT
I
17 +xx3EXX
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
15 +xxX32XX
IxxxNX
Ixxxxx
IxxxAX
IxxxxX
IxxXXx %X
12 +xx3¥XX
Ixexxx
Ixxxxx
Ixxxxx
IxxxXX
IxxxXx
9 +XXXAX
Ixxxxx
Ixxxxx
Ixxxxx KXKX X
Ixxxxx XXX XXX
Ixxxxx XXXXX
b +AXXXX XXXXX
Ixxxxx 3K K X
Ixxxxx KX
IXEXXXE XLEXAK MAXLX XXX KX XAAXX
TXXXEE AKX XAXAX XAXKX XX KX
TRAXAK XEXNE MXAAE MALXE KAKKK WX KX XXX XX
3 +XEAAK XLXEK XXX XEAXAX XAXLXK XAXXX XXX X
TXMAE XXX MMM MMM OO NOIOEOK MOKXEX XK A X
T XXX E KA MCKCRK KON ORI MK 0K XX
IXAXAL NAKEL MAXLX XK MO NOCKOKK KKK XXX
IXEENX ALK XX OO MK KKK KKK KKK
IXXXAX XAXXA XEXXE MOEN XML E ANEAE XX XXX KX
0 FMEAXX XXX AL NOOKNCK MK KKK HAXXEK KKK KK

2.0 3.0 4.0 S.0 Gael 70 8.0 9.0 10.0

d8.6

29.0

19.3

+HH AR+ HHH A HE RN A S

tev

FAaRTICLE SI ZE

6-2 BGHS
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DESCRIPTIVE STATISTICS

VARIAELE: FARTICILE SIZE SAMFLE SIZE (N) = 44
SAMFLE STATISTICS:

MEAN = 4,66364 RANGE = B

VARIANCE = 5.62414 MINIMUM = 2

STD. DEV, = 2.37153 MAXIMUM = 10
UNEIASED ESTIMATES OF POFULATION FARAMETERS?

VARIANCE = 5.75493 STD. DEV. = 2,39894
DATA DISTRIEUTION COEFFICIENTS:

SKEWNESS = .689742 KURTOSIS = ~,735063

6-2 BGHS
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‘REQUENCY

15

10

n

N

I

+XXAAX

Ixxxxx

Ixxxxx

Ixxxxx

Ixxxxx

ITxxxxx

+MAXAX

Ixxexxx

ITxxxxx

Ixxxxx

Ixxxxx

Ixxxxx

+XAAXX

Ixxxxx

Ixxexx

Ixxxxx

Ixxxxx

Ixxxxx

<+ O XX

Ixxaxx

Ixxxxx

Ixaxxx WHMMORN  NOKX X

Ixxxxx WU XN KX

Ixxxxx MMM XXX

FAXMAXE XXX ALK LA KX AXK

TXAXAE XA NN MM XN X

TXXXAE XMXXX MM XX MK XXX X XXX
TXMAAX XXXXX NOLMEX MM MK N 20K X X X
IXUXAX NN MK MONEKX KK KXXXX
TXAXXX XXX MO MMM X XX XX
SAMAEAX XA LXK AN RN XX XXX
TXXXNE AKX XXX MO MK KN EAXEXAX
TxXXXX XXXXX XXXXX XXXXX XXXXX® XXX X
TXXXAX XXX MM MO MO MO O XXX
TXXANE AMXAX LN MO NOKKN MO MOKKK 3XOK K
TXHXNN MMM XXX MMMOE MM MMOKNKK ORI XX
AN MMM MM MO ORI OO KM KX

A AR AR SRR

6-3 BGHS
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CESCRIPTIUVE STATISTICS

VARIAEILLE: FARTICLE SIZE SAMFFLE S5IZE (N) = 43

SAMFLE STATISTICS:

MEAN = 4.814628 RANGE = 10.5
VARIANCE = 7.27064 MINIMUM = 1.9
STD. DEV. = 2.,67641 MAXIMUM = 12

UNETASED ESTIMATES OF FOFULATION FARAMETERS:

VARIANCE = 7.44376 STh. DEV. 2.72832

DATA DISTRIEUTION COEFFICIENTS?

- 152145

SKEWNESS = ,.861483 KURTOSIS

6-3 BGHS

- 151 -




“REQUENCY

10

w

[N

I

+XAXXX
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxxx
Ixxxxx
+XAEXAX
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxuax
Ixxxxx
+X XA X X
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
+XXXLX
ITxxxxx
Jxxxxx
Ixxxxx
Ixxxxx
Ixxxxx
+AXT XX
Ixaxxx
Ixxxxx
IXxxxxx
Ixxxxx
Ixxxxx
2 3 & P
Ixxxxx
Izxxxx
Ixexxx
Jegxxxx
Ixaxxx
+XAX XA

AXXXX
XXX
XXXXX
XXX AX
XXXXX
XXXXX
XXXXX
XX XXX
XXX XX
XEXXX
XXX
XXX

XX NK

XX XK
XAXNX
AKX K
XX XK K
xXXXXX
XAEX XX
XAEX XX
XXXXX
xXAxXxXX
AALXXX

FARTICLE

HISTOGRAM

200K K X
A KKK XK
KK AKX
XK KK X
X XK XXX
KK XK
XK X
KK X
KK XX
2 OKK X
KK XX
KX KX
AKX X
200K KX
KKK X
AKX
KK K X
K OKX
KX X
20K K
K KX X
K XXX
K XK X
KKK X
AKX
MO X
XK XX
0K XXX
AKX
KK KX
XXX
HOK X XK
KK AKX
WANAX
0K K X
MOK XX
KX

K KX
MAOK XX
XXX KX
KXX XX
2K AKX K
XK XK XK A XK
K KX
KKK XK
XX
XK KX
XXX XX
KK KX
KO NOK
KX XX
OKNOK X
WK KX
XKOAK XX
KOK K KX
KX KX
KK X
KK XX
KK X KX
XK XX

6-4 BGHS

MK XK K XK X
WK AK XK XK
WXAN KKK XK
MO KKK XK
MO KKK XK X
AN XKOK XX
WA XK KX
KK AKX
AKX KX X
KXXAX XAXXX
MMM K KX XK
M NN HOK XK
NCKCK N 0K KX
MK KK X
WOKMOK KKK KX X
MK 2K K

- 152 -

K NOK KX
MK XK
XX XXX
KKK X
KAXONOX
XK KK X XK
MK XX
XX K
MK O X

FERCENT

I

+ 20.0
I

I

I

I

I

I

I

I

+ 15.0
I

I

I

I

I

I

I

I

+ 10,0
I

I

I

I

I

I

I

I

+ 5.0
I

I

I

I

I

I

I

I

+ 000
8.7




DESCRIPFTIUVE STATISTICS

VARIARLE: FARTICLE SIZE SAMFLE SIZE (N) = 50

SAMFLE STATISTICS:

MEAN = 4,61 RANGE = 6.7
VARIANCE = 2.98491 MINIMUM = 2
STD. DEV. = 1.72769 MAXTIMUM = 8,7

UNETIASED ESTIMATES OF FOFULATION FARAMETERS:

VARIANCE = 3.04582 STD. DEV,

1.74523

DATA DISTRIBUTION COEFFICIENTSS

SKEWNESS = .3692043 KURTASIS - 74349835

6-4 BGHS
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REQUENCY

14

10

"

I

+XAXXX
ITxxxxx
Ixaxxx
Ixaxxx
Ixxxxx
Ixxxxx
+XAXXX
Ixxxxx
ITxxxxx
Ixxxxx
Ixxxxx
Ixxxxx
<+ K XX
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
+XNA XX
Ixxxxx
Ixaxxx
Ixxxxx
Ixxxxx
Ixuxxx
+XAXXX
Ixxxxx
ITxaxxx
Ixxxxx
Ixxxxx
Ixxxxx
+AXXAX
Ixaxxx
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
+XEXXX

A A X
XXX XX
XXXXX
XXX XX
NCOKKOK X
XX XXX
XXXXX
XXXXX
XXX XX
XAXXX
XAXKX
xXXXXX

HIS

TOG

XK K
3K XK XK
KKK XK
K KX
M XXX
KAXXX
XXXXXK
AKX
KK X
AXXAX
XX XXX
XXX XX
KAXXX
XXXAX
XXX XX
XK K X
MK AKX
XXAXX
XX XXX
XXX XX
XXXXA
AXXXX

R A M

AKX
NOK K K
XXX XX
XXX XX
AKX
XXX
XA X
XK XXX
KK XK X
XXX XX
MK X
HKAXAX
AXAXX
N XX
XXX XX
xXXXXX
XXX X

KKK X
XK XX
XX XX
XXX

FERCENT

1

R e R HEEHA S AR YA

FARTICLE

6-5 BGHS

SIZE
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22.3
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DESCRIPFPTIUWVE STATISTICS

VARIARLE: FARTICLE SIZE SAMFLE SIZE (N> = 47

SAMFLE STATISTICS:

MEAN = 4,22979 RANGE = 6.5

VARTANCE = 3.17484 MINIMUM = 2.2

STD. DEV. = 1.,78181 MAXTIMUM = 8.7
UNEIASED ESTIMATES OF FOFULATION FARAMETIEZRS!

VARIANCE = 3.24386 STD. DEV. = 1.80107

DATA DISTRIEUTION COEFFICIENTS:

SKEWNESS = ,802989 KURTOSIS -+ 0633601

6-5 BGHS
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'REQUENNCY

9

P b bl b b b e b b b e P b el b b

Ixxxxx
Ixxxxx
Ixxxxx
Ixaxxxx
+XAR LN
ITxxxxx
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
+XKXLL
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
L X

XXX K
KX
XAKXXK K
K NOK XK
K XK
KKK
XXX X
A XK XK
XAXAX
2K XX X
XXXXX
XX XXX
XX XN K
XXXXX
XXX X
XK NOK K
X XX XX
2K K
XXX XX
XX XXX
XX XXX
XXXXX
XXX XX
XX XXX
XX XXX
XX XXX
KEXKK
XX XXX
X X X AKX
XXX XX
XX XXA
XX XXX
Ao XXX

HIS

XX XXX
AXXXX
XXXXX
ANNAX
XX XXX
XK KKK
XX XXX
AXXXX
AXAXX
K XXX K
KKK
XXX X
XXX XX
K XXX
XXXAX
XAXXX
KAAKXX
KX XX
XXEXX
XX AXX
AXXXX
KON KX
XXX XX
KALALX
AXLXX
XXXXX
XX XXX
XXX A
XXX

TOG

300K X
1 8 ¢ 8 ¢ ¢
KK X
L8 & 0 0 ¢
KK X
XK XK
KKK
KK K
KXXXX
AXXXX
XXX XX
XXXAXX
XXX XX
XX XXX
XXAXX
MO XX
K XXX K
AENXX
MXXXX
KX KK
KKK XX
XXX
XXXXX
XXX
b2 2 & 39
XX XX
XX KK
XAAXX
XXX X
XXX
KKK
XXX
XXX
XK A
XXX XX
KKK K
XXX

RAM

KKK X
XK KX
A XK X
XK ANK X
XXX XX
OKNOK X
XXX NX
XA XXX
XX A X

NOK KX
XX X
KK X
KK X
XXX XX
MK KK
KX
KX XK
XK KK X

KKK X
2OKX K
XK X
MK K X
XXX
XXX X
KKK X
KAKXX
X XXX X
KK XX
XXX K X
XK XK X X
XK XX K

FERCE

1

XXX
KA X
KKK K
XX A A
XXX XX
KKK X
0K XX
MO XXX
XK XX
XK XK X XK
KKK K
XXX XK
KAXXX
XX XXX
WAXX X
XK KX
XXX X
XX XXX
AX XXX
XAAXXX
AXXKX
XAXXX
XXX KX
WX A X
AXXXX

1

+HHHHHFHMHHH+YHFHFAHRMAHRMH MR AR RSN YS AR S

F A

RTIC

L E

6-6 BGHS

S I ZE
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DESCRIPTIUVE STATISTICS

VARIABLE?: FARTICLE SIZE SAMFLE SIZE (N) = 41
. SAMPLE STATISTICS?
- MEAN = 5.59756 RANGE = 8.2
VARIANCE = 5.58316 MINIMUM = 2
STb. DEV. = 2.34287 MAXIMUM = 10.2
UNEIASED ESTIMATES OF FOFULATION FARAMETERS?
VARTIANCE = S5.72274 STD. DEV. = 2.,39227
DATA DISTRIEUTION COEFFICIENTS?
SKEWNESS = .5835752 KURTOSIS = -.810199

. 6-6 BGHS




FREQUENCY

13

11

n

4 b e e

Ixxxxx
ITxxxxx
Txxxxx
Ixxxxx
Ixxxxx
+XAX XX
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
Taxxxx
+AX ALK
Taxxax
Ixxxxx
Txxxxx
Taxxxax
Ixxxxx
+XXXXX
ITxxxxx
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
+XXAL LXK

AKX X
XX XXX
AKX X
KX
AKX A
XXXAXN
XK XXX
KKK X
XXX X
XXXXX
KK X
KX X
WK XK A
XXX XX
X XXX
XXX AX
XX XXX
XXX XX
XXXXX
XXX X
XX XXX
LAXXXX
XXX X
XK XXX
XK X
X X XK X
XLAXXK
HAKAA
XK XX
XAXX X
X XA w
xXXXXX
XXXXX
1XXXX
XXXXX
XXXXX
XXXXX

HIS

KK X X
XAXXX
KK XX
AXXXX
XEKXX
ALXKLXK
AKX XX
KEAXX
XK X
XXXXX
AXXALX
XXX AL X
XXX
XXX XX
XK XX

TOG

KX KX
HAXNX
XXX XX
XK KK
XEAXXX
KKK
2KNOK A
XAX KX
XXX XX
KKK X
KX
K XA
XXX X
XX XXX
XX XXX

kKA M

XXX
KK KX
XXX KK
XXX XX

KKK K
KKK
XK K X K
K XK
MK OK X
0K KK X
K KX

FERCENT

+HHHHHHHMEH Y HHHMHMHHHRHRH+ HRMHHHRH9H$+$ RSN MNMN+ A

F AR

TICL

E

6-7 BGHS
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35.1

17 .6




DESCRTIF

TIUVE

VARIAELL:

FARTICLE SIZE

SAMFLE STATISTICS:

MEAN = 5.92432
VARTIANCE = 9.6386
STb. DEV. = 3.10461

UNEIASED ESTIMATES OF FOFULATION FARAMETERS?

ST

SAMFLE

RANGE

MINIMUM

MAXIMUM

VARIANCE = 9.20634 STh. DE
DATA DISTRIEUTION COEFFICIENTS?S
SKEWNIESS = 1.,37804 KURTOSI
6-7 BGHS

- 159 -

SIZE

V.

S

(N

i

ATISTICS

14.6

16.8

3.14743

12N
r

8149




"REQUENCY

16

14

11

o b e

Ixxxxx
Ixxxxx
ITxxxxx
+XANX X
Ixxxxx
Ixxaxx
Txxxxx
Txaxxx
T xxxxx
+AAXXR
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
Ixxxxx
+AAAXX
ITxxxxx
Ixxaxx
Taxxxxx
Ixxxxx
Ixxxxx
+ XA XX
Ixxxxx
Jaxxxx
Ixxxxx
Ixxxxx
Ixxxxx
+XXXXX

HIS

XEXXKL XKXXXX
AXXXX XXXXKX
XXXXX XXAXX
KKK KKK KX
XEXKX XAXXX
LXK KEXXX
XXXNX XXXXX
EKEAMXNE XK XXX X
MAXXX XMANXX
XAXXKX XANXXX
HAXAKNK KX KX
AEXXEE XKXXXX
MEXLXX XX XX
XEXXX XAXXX
XEXXX XXXXX
XXXXX XXXXX
MOEMNK KRN
MAXXX ML AKX
XEXXX XXXXXK
MAXLX XXAXX
XXXXX XXXXX
XKXXXA XXXXX
KEZXAX XEAXXX
AXXXLX XXXXX
XXXAA XAXXX
HXXXX XX XXX

TOG

XANNXKX
XXX XX
WX XXX
XXX
XAXNMX
XXX
KK XX
MK K X
KX KK
KKK
A XK
XXX X
K XK X
KKK
XXX X
KKK
XXX XX

PARTICL

NT

?.6

a8
[

4.8

R aM
FERCE
I
+ 2
I
I
I -
I
I
I
I
I
+ 2
I
I
I
I
I
I
I
I
+ 1
I
I
I
I
I
I
I
I
XXX XX +
2K KK X I
AR AKX I
KKK MK X I
MORKXKN KK KX I
MONXAN XAXNX I
X OO N xxxAx I
WX AKX KK xxxxx T
XXX XN xXxxx I
HEXXKN MK M X XXX+
S.6 6.5 7.4 8.3 ?.2
E S I ZEKE
6-8 BGHS

160 -




DESCRIFTIUVE STATISTICS

VARIAELE: FARTICLE SIZE SAMFLE SIZE (N) = 54

SAMFLE STATISTICS?:

MEAN = 4,02963 RANGE = 7.2

VARIANCE = 2.,14876 MINIMUM = 2

STD. DEV. = 1.46386 MAXIMUM = 9.2
UNEIASED ESTIMATES OF FOFULATION FARAMETERS?

VARIANCE = 2.1893 8§TD. DEV. = 1.47963
DATA DISTRIBUTION COEFFICIENTS:

SKEWNESS = 1.,14916 KURTOSIS = 1.,3323

6-8 BGHS

- 161 -




APPENDIX B

SEM PHOTOMICROGRAPHS
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